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ABSTRACT 
Interest in chalcogenide glasses has been growing for decades. Unlike oxide glasses, 
sulfide glasses have large anions and weaker bonding. This sacrifices high melting and glass 
transition temperatures (Tg) for increased infrared transparency. While most research has 
been focused on increasing the infrared transparency of these materials little has been done to 
maximize both infrared transparency and Tg, but a new set of chalcogenide glasses built 
around ionic bonding schemes have shown promise in optimizing both of these properties. 
One application demanding such properties is chemical sensors for remote sensing in new 
advanced small modular nuclear reactors (AdvSMNRs) to detect trace amounts of gaseous 
compounds inside of the reactor environment. 
This work focuses on understanding mechanisms that maximize Tg, infrared 
transparency, and gamma radiation resistance of three series of ionic sulfide glasses in the 
xBaS + yLa2S3 + (1-x-y)GeS2 system. Glasses prepared by sealing and melting 
stoichiometric amounts of sulfide compounds together in silica ampoules at 1150 °C. These 
glasses achieve Tgs in excess of 550 °C, have transmission window that expands from 0.5-10 
μm. In addition, glasses show minimal transmission, density, and refractive index change 
after 453 kGy gamma radiation dose. This allows for the detection of infrared active 
molecules in the infrared spectrum at elevated temperatures making these strong candidates 
for chemical sensors in reactor environments. 
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CHAPTER 1.  INTRODUCTION  
1.1  Thesis Introduction 
As average global temperatures rise, the energy sector is pressured to reduce greenhouse 
gas emissions while increasing energy output. Ideally, all energy would come from renewable 
resources like solar and wind, however, there is still a large dependence on fossil fuels as 75-80% 
of the Unites States energy came from nonrenewable sources in 2017 [1]. One possible solution to 
help bridge the gap between fossil fuel consumption and renewable energy harvesting is the 
expansion of the nuclear power sector. 
To address this problem, the nuclear industry is currently designing the next generation of 
nuclear reactors. One interesting and innovative design is to build nuclear reactors that are smaller 
and easier to construct called advanced small modular nuclear reactors, AdvSMNRs. These new 
smaller sized reactors are designed to produce 70 to 80 percent less energy than previous 
generations to reduce overall construction cost [2]. AdvSMNRs are designed to be assembled with 
parts that are easily manufactured in factories allowing for quick and easy assembly compared to 
the current generation plants where massive parts are custom fabricated on site before construction, 
which greatly increases construction costs. These reactor designs would allow many smaller plants 
to be built in almost any location, and can be implemented to help meet national energy demands. 
There are many different small reactor designs but common types are molten salt, pressurized 
water, boiling water, and light water reactors [2]. 
One challenge in developing new reactor designs is supplying the reactor with adequate 
safety sensors and measures. Since some AdvSMNRs are cooled with molten salts that melt above 
400 °C to improve the overall efficiency of the reactor [2], a variety of new safety sensors and 
measures need to be developed. One way to add a layer of safety is to utilize chemical sensing via 
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infrared optical fibers to probe the health of a reactor. Chemical sensing at elevated temperature 
would add a valuable layer of safety to reactors by enabling the detection of trace amounts of 
gaseous species inside the nuclear reactor environment such as contaminants, coolant additives, or 
unwanted chemical reaction products. While this information is difficult to access, it is powerful 
as it can help diagnose problems inside the reactor that may be otherwise undetectable. While 
remote chemical sensing in nuclear reactors is one application for these materials, a variety of 
industrial and academic processes could be monitored with such fibers [3-6].  
Traditional infrared optics research generally focus on extending the infrared transmission 
window, engineering a specific infrared window, or fabricating a specific optical architecture, and 
little research has been published on the engineering of infrared transparent glasses that are 
optimized for high temperature operation [7-10]. The studies in this thesis focus on a new family 
of high operating temperature infrared transmitting materials to help meet demands of the chemical 
sensing applications. Sulfide-based glasses were chosen as they strike a compromise between the 
highly infrared transparent selenides and tellurides and the high glass transition temperature 
oxides.  
1.2  Thesis Organization 
Contained in this thesis are four chapters. Chapter one includes background information 
on the basics of glass structure, fiber optics, chalcogenide based infrared fibers, sulfide glass 
synthesis routes, AdvSMNRs, chemical sensing, the effects of nuclear radiation on materials, and 
the proposed work. 
The second chapter is a paper analyzing the structure and glass formability of three series 
of glasses in the xBaS + yLa2S3 + (1-x-y)GeS2 glass system utilizing infrared and Raman 
spectroscopies, and differential thermal analysis, DTA. Obtaining an understanding of novel ionic 
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sulfur-based infrared glasses is essential for the further engineering of infrared optics that can 
operate at elevated temperatures. In these studies it was found that as the ionic glass modifiers BaS 
and La2S3 are added to the covalent glass former GeS2, the structure of the base glass changes from 
predominantly fully bridging germanium tetrahedrons, GeS44/2 units where the S4/2 units are four 
S atoms that covalently bridge two Ge atoms together, -S-Ge-S- units, to predominantly anionic 
non-bridging germanium tetrahedron, Ge-(S-)4 units.  
It was found that for all compositions, xBaS + yLa2S3 + (1-x-y)GeS2, glasses that could be 
melted to a liquid could be quenched to the glassy state. These compositions were for x + y values 
typically less than 0.5, however, as the total modifier content increased above approximately 0.5, 
the melting temperature of the corresponding composition also significantly increased. It was 
therefore observed that for these highly modified compositions there might be a new set of glass 
compositions that could not be melted these methods. As these highly modified compositions 
could not be melt quenched with standard techniques, they were not studied.  
While all meltable compositions formed glasses, at a total modifier, x + y, concentration 
between approximately 5 and 30 mole% compositions formed phase separated glasses where a 
germanium-rich phase separated out from the modifier rich matrix phase in the form of droplets. 
At about 30 mole%, glasses began to form homogenous single phase glasses. Unfortunately, the 
phase separated glasses cannot be considered for fiber optic applications as interfaces between the 
two phases scatter light rendering them ineffective light transmitters. Finally, during these studies 
it was found that most glasses have a ΔT, thermal stability gap defined as Tc-Tg, where Tc is the 
onset for crystallization, and Tg is the onset of the glass transition of the glass, above 100 °C which 
is typically the minimum requirement for fiberization. 
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The third chapter is a paper on the gamma irradiation of these novel sulfide based glasses 
at elevated temperature. In this study, germanium sulfide and the optimal composition 20BaS + 
20La2S3 + 60GeS2 were formed into glass disks and subjected to a 407 kGy gamma dose at 300 
°C in order to test the viability of novel ionic bonded sulfide based glasses in a nuclear reactor 
environment. It was found that these glasses have minimal property change between 0 and 407 
kGy dose, except for a density reducing of 1-3%. While the density change was significant, these 
glasses did not exhibit cracking or other signs of degradation. 
The final chapter is a general summary of the thesis and the proposed future work to 
continue research on high temperature infrared optics. 
1.3   Background Information 
1.3.1 Glass Structure and the Modified Tetrahedral Network 
Glasses are systems traditionally comprised of at least one glass former and can contain 
numerous glass modifiers and intermediate glass formers [11]. A glass former is a compound that 
can form a glass by itself through any processing route such as melt quenching or sol-gel 
processing. Some common glass formers are SiO2, B2O3, GeS2 and As2Se3 just to name a few [12]. 
Glass formers create amorphous materials that have no long-range order, but contain basic 
repeating units throughout the material [13]. These units come in a variety of shapes but most 
common are tetrahedra and planer trigonal units [12].  
To help engineer specific glassy materials and promote certain properties, glass modifiers 
and intermediate glass formers can be added [11]. A glass modifier is a chemical species that can 
only alter the existing structure of a glass by breaking the bonds between repeating structural units, 
as seen Fig. 1-1 by Jiang et al [14]. Some typical glass modifiers are Na2O, Li2S, MgO, and CaO. 
Unlike glass modifiers, intermediate glass formers are compounds that can act as modifier or glass 
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former depending on other species in the glass. The most common intermediate glass former is 
Al2O3 [15]. Though varying these three components in a glass a vast amount of amorphous 
materials with special properties can be synthesized.  
Some of the most studied and well-characterized glass systems are the oxide glasses [16]. 
One famous oxide glass system that was used to study the effect modifiers and intermediates have 
on glass structure and properties was the calcium aluminosilicate glasses [15,17]. The glass former 
in this system is silicon oxide, the modifier is calcium oxide, and the intermediate is aluminum 
oxide. The glass structure of silica glass consists of repeating tetrahedral units of one silicon atom 
surrounded by four oxygen atoms that are tightly bonded to other silica tetrahedra at the corners. 
The strong bonding in silica glass gives rise to a glass transition temperature, Tg, of 1,200 °C [16]. 
When either calcium oxide or aluminum oxide is added to SiO2 glass, the Tg is decreased by 
interrupting the strongly bonded and fully bridging corner sharing silica tetrahedral network. To 
compensate for the positively changed Al3+ or Ca2+ cations, the bonds between tetrahedra are 
severed forming non-bridging oxygens, NBOs [15]. The amount of NBOs that are created per 
cation addition is equal the oxidation state of the cation. Conversely, if calcium oxide and 
aluminum oxide are added together these species interact together to form their own alumina 
tetrahedra [Al4]-, through a Lewis acid and Lewis base reaction, which is charge compensated by 
1
2
Ca2+. While these [Al4]- tetrahedra form weaker bonds compared to Si4 tetrahedral units bonded 
to one another, they do promote glass network connectivity and promote a higher Tg than the less 
connected structure that would form if only calcium oxide or aluminum oxide were added [17]. 
While this phenomenon has been well studied in oxide systems it is still largely unexplored in 
chalcogenide systems, however, it is hypothesized to translate to sulfide-based systems as they 
both form tetrahedral glass structures and contain similarly charged chemical species. 
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1.3.2 Fiber Optics 
 
Glasses are widely used in commercial, industrial and research applications to take 
advantage of their optical properties [16]. Glasses can transmit a wide variety of light including 
infrared, visible, and ultraviolet depending on composition. However, unlike window glass where 
visible light transmits through upwards of centimeters of glass to allow people to look outside, 
optical fibers are used to transmit many different types of light distances of meters to many 
kilometers [18]. These applications range from communication, optical sensing, space exploration 
and biomedical applications [3,10]. With the development of high purity oxide based glasses data 
transfer across the world has drastically changed.  
Glassy optical fibers are typically produced by heating up a cylindrical fiber preform that 
has an inner core glass and an outer cladding glass, and then pull fiber down from the preform with 
a drawing tower [19]. The core glass is typically chemically similar to the cladding, however, 
slight changes to the chemistry are made such that the outer cladding glass has a slightly lower 
refractive index than the core. This slight difference allows light inside the core of the fiber to be 
totally internally reflected through the length of the fiber [20]. The law that governs this 
phenomenon is Snell’s Law, as seen in equation (1-1) [21], where 𝑛1 and 𝑛2 are the refractive 
indices of the core and cladding respectively and 𝜃𝑖 and 𝜃𝑟 are the incident and refracted rays of 
light. Rearranging this equation and setting 𝜃𝑟 to 90° we get the equation for the critical angle, 𝜃𝑐, 
for total internal reflection, equation (1-2) [21]. 
𝑛1𝑠𝑖𝑛𝜃𝑖 = 𝑛2𝑠𝑖𝑛𝜃𝑟                                                                                                                (1-1) 
𝜃𝑐 = 𝜃𝑖 = sin
−1(
𝑛2
𝑛1
)                                                                                               (1-2) 
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The critical angle is the angle that the light entering the fiber can be to totally internally 
reflected down the fiber [21]. Only a slight shift in refractive index is necessary to internally reflect 
the light, but the difference in 𝑛 does affect this angle. For example, the refractive index for silica 
glass is approximately 1.45 [22]. If a silica glass fiber has a 𝑛core = 1.45 and a 𝑛clad =1.449 then the 
critical angle is 87.9°. As long as the light enters the fiber at an angle of 87.9°, the light will 
internally reflect down the length of the fiber. Further, only a defined amount of angles will yield 
a propagating ray down the fiber and this number is called the mode of a fiber. These angles are 
given by equation (1-3) [18] where r is the core radius, λ is the wavelength of transmitted light, n1 
is the index of the core, and m is integer mode of the fiber.  
𝜃𝑚 = 𝑐𝑜𝑠
−1(
4𝑟𝑛1
𝑚λ
)                                                                                                  (1-3)  
The number of modes a fiber can support is given by equation (1-4) [18]. 
𝑚 ≅ 2𝜋2𝑟2
[n1
2−n2
2]1/2
λ2
                                                                                           (1-4)  
Fiber optics come in a variety of shapes and sizes and can carry one or more modes of 
light. A single mode fiber is an optical fiber that only supports one mode of light, the traverse 
mode where m = 1, due to its physical constraints. The inner core of the fiber typically has a 
diameter less than 50 μm, and the surrounding cladding typically has a diameter greater than or 
equal to 125 μm [9].  
Unlike single mode fibers, multimode fibers support multiple modes of light propagation 
through the fiber, m > 1. Multimode fibers typically have larger diameter cores and claddings than 
their single mode counterparts. The larger core allows for different modes of light to travel down 
the fiber, however, these fibers typically have a lower transmission distance compared to single 
mode fibers as modal broadening decreases performance. With multiple modes traveling different 
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path lengths in the fiber the light takes slightly longer to travel down the fiber when entering at a 
steeper angle [18]. This causes a distortion of signal that gets increasingly worse with increasing 
fiber length. This can be reduced by engineering a gradient of refractive index in the fiber so that 
the higher order modes gradually converge to the same path as lower order modes, reducing the 
signal distortion. This gradient can be engineered spherically, radially, or axially via a variety of 
processing methods, but even this cannot completely eliminate modal broadening effects [18]. 
One important characteristic of a fiber optic device is its attenuation of light. Attenuation 
is a measure of how much energy is lost per distance, which is typically measured in dB/km. Many 
mechanisms contribute to attenuation such as light scattering, electronic absorptions, and 
multiphonon absorptions. Typically, electronic absorptions are determined by the band gap of the 
material, while multiphonon absorptions are determined by the chemical species in the materials 
[18]. One important and typically one of the hardest absorptions to eliminate is due to impurities. 
When transmitting light over multiple kilometers, even parts per billion impurities can greatly 
affect the transmission characteristics of a material . Typical impurities in glasses are –O-H groups 
in both oxides and sulfides, while H-S, and M-O bonds typically hinder sulfide optical materials 
[23,24]. The difficulty in removing impurities from glasses typically increases with decreasing 
impurity concentration. 
1.3.3 Chalcogenide Based Infrared Fibers 
Infrared transmitting fibers have been widely studied for more decades [20]. Many glass 
systems based on bridging selenium, tellurium and sulfur anions have been explored in search of 
glasses that have the specific and or large infrared transmission windows for optical applications 
[25]. Figure 1-2 by Cui, shows typical transmission curves for a variety of these infrared 
transmitted glasses [26]. Although there is a lot of literature on optical materials, little research has 
9 
 
been published on optimization of operating temperature and infrared transparency as most of the 
research focuses on covalently bonded systems like As2Se3 [27]. While systems like As2Se3 have 
excellent infrared transmission, they often also have relatively weak bonds leading to low Tg [28]. 
Both properties can be influenced by switching the bridging anion in the composition and to a 
lesser extent by changing the type and concentration of glass modifier and intermediate 
constituents.  
Of the chalcogenide glasses, tellurides are best known for their superior infrared 
transparency ranging from 8,500 to 300 cm-1 [26]. While they have superior transparency 
compared to selenides and sulfides, telluride glasses have the lowest glass transition temperatures 
of this set of glasses, typically in the 100-250 °C range [29]. Selenide glasses are quite similar to 
telluride glasses in terms of these two properties, but replacing tellurium for selenium atoms in a 
glass network slightly sacrifices infrared transparency for increased Tg. This behavior arises due 
to selenium atoms have a smaller radius allowing for tighter bonding which increases Tg by 100-
200 °C [30] compared to tellurides while limiting the lower limit of its infrared transparency to 
500 or 600 cm-1. Similar trends occur as you move up the 16th column of the periodic table ending 
with oxide-based glasses, such as silica, which has a Tg of 1,200 °C and infrared transmission cut 
off around 2,500 cm-1 [8,26].  
Since a Tg in excess of 500 °C and an infrared transmission window that is as large as 
possible is desired for this project, new ternary sulfide glasses that are based on ionic bonding 
schemes are being considered. Certain sulfide glass systems exhibit Tgs in excess of 500 °C and 
extended infrared transparencies, down to 1,000 cm-1, as sulfur has an intermediate atomic radius 
leading to stronger bonding between glass network tetrahedra [7,8]. This compromise will allow 
the glass to survive elevated temperatures, but also allow for the detection of organic molecules 
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inside a nuclear reactor environment. Two glass systems that achieve these properties are the Ga2S3 
+ La2S3 and La2S3 + GeS2 systems, however, further increasing the Tg and infrared transparency 
is desired and irradiation damage testing has been largely unreported [7,8].  
1.3.4 Sulfide Glass Synthesis Routes 
There are multiple ways of producing sulfide-based glasses such as chemical vapor 
deposition, sol-gel, planetary milling and melt quenching. Chemical vapor deposition can be used 
to deposit thin layers of sulfide based materials onto a substrate [31], however, forming a large 
bulk fiber preform is near impossible due to limitations of the technique such as deposition rates. 
Sol-gel processing is another technique that produces material by mixing precursor materials 
together followed by a gelation and drying process. While this method can form sulfide glasses, 
forming large fiber preforms is not possible as the drying process limits the thickness of the sample 
since large thicknesses lead to cracking of gels. Additionally forming pure sol-gel films of GeS2 
from the sulfurization of GeCl4 with H2S gas is difficult as oxygen contamination is still a concern 
[32].  
Planetary milling is a ball milling technique where sulfide powders are placed in a mill pot 
with many small mill balls and allowed to mill for multiple hours to days [33]. The energy received 
from the mill balls allows a solid-state reaction to occur between the powders. These impacts, over 
time, convert the crystalline powders to an amorphous material. While sulfide glasses can be 
produced this way that cannot be formed through conventional methods, the powders must still be 
remelted to form a large monolithic preform. 
Lastly, the most common method for making large quantities of sulfide glass is the melt-
quench method. In this process, glass formers, like GeS2 and SiS2, are typically mixed with glass 
modifiers, like Al2S3 and CaS, inside of an inert crucible like vitreous carbon to form glassy 
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materials [34-36]. This processes works for many sulfide systems, but since sulfur has such a high 
vapor pressure sometimes glass precursors must be sealed inside of a closed system such as a silica 
ampoule. This is especially the case when compositions with high melt temperatures are 
synthesized. The ampoule prevents the sulfide vapor from escaping and allows the glass to 
maintain the correct chemistry. 
While oxide glasses can synthesized with relative ease by mixing components together in 
a crucible and putting it into a furnace, producing sulfide-based glasses is more difficult. Sulfide 
glass precursors must be kept in an atmosphere free of oxygen and moisture to preserve the infrared 
transparency of the finally amorphous materials [35]. To keep chemicals and samples free of 
contamination they are kept in an inert nitrogen glove box with < 5 ppm H2O and O2 content. 
1.3.5 Advanced Small Modular Reactors 
  As global energy consumption continues to rise, the need for invention and innovation in 
the energy sector grows. Ideally, all energy would come from renewable sources such as wind and 
solar, however, there is still a large dependence on fossil fuels [1]. One way to help bridge the gap 
from reliance on fossil fuels to renewable energy harvesting is to expand nuclear energy 
production. Research is underway to development a new generation of smaller sized nuclear 
reactors to help meet energy consumption demands. These new advanced small modular reactors, 
AdvSMNRs, are designed to produce 70 to 80 % less energy than previous generations to reduce 
overall production cost [2]. They are designed to be assembled with parts that are easily 
manufactures in a factory allowing for quick and easy assembly compared to current generation 
plants where massive parts must be custom fabricated on site before construction, which greatly 
increases production costs of older and larger reactor designs. This will allow many smaller plants 
to be built in almost any location to help meet national energy demands while taking advantage of 
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economies of scale. There are many different small reactor designs but common types are molten 
salt, pressurized water, boiling water, and light water reactors. 
One of the many challenges in developing new reactor designs is supplying the reactor 
with adequate safety measures and sensors. Since some AdvSMNRs are cooled with molten salts 
that melt above 400 °C to improve efficiencies [2] a variety of new safety measures need to be 
developed as current commercial designs do not operate at these temperatures. Chemical sensors 
that operate at elevated temperature will add a valuable layer of safety to the reactor so technicians 
can detect trace amounts of gaseous species inside the nuclear reactor such as contaminants, 
coolant additives, or unwanted chemical reaction products. Access to this information is powerful 
as it can help diagnose problems inside the reactor that may be otherwise undetectable. While 
remote chemical sensing in nuclear reactors is one application of these novel materials, a variety 
of industrial and academic processes could be monitored with such fiber optic devices. 
1.3.6 Chemical Sensing with Infrared Light 
 One emerging technology is chemical sensing via infrared optical fibers [3-6]. A chemical 
sensor is a device that can be used to determine the concentration of specific chemical species in 
a variety of ways. There are multiple modes of detection as in infrared spectroscopy and evanescent 
wave spectroscopy. The most basic setup is where an infrared transparent fiber directs light out of 
a process and guides it to an infrared spectrometer. The light passes through the fiber due to total 
internal reflection. Once delivered to the spectrometer, the infrared light is then characterized and 
compared to a background spectrum for the process. With this technique, the resultant spectrum 
can be used to identify trace amounts of contaminants and other chemical species inside of a 
process. As the infrared transmission window for the fiber is widened, the number of characteristic 
vibrations can be detected, increasing the utility of the sensor. This type of characterization can be 
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especially important for processes that require in-situ monitoring of contaminants and unwanted 
reaction products. 
This project focuses on producing infrared optical materials that can withstand a nuclear 
reactor environment at elevated temperature. Fibers are designed to allow infrared light to be 
transmit from the reactors and delivered to an infrared spectrometer. The light that is received can 
be referenced against a background spectrum taken of the reactor in a healthy state. With this 
information, trace amounts of chemical species can be identified in the reactor environment as 
infrared spectroscopy sensitive to small chemical variations. 
1.3.7 Radiation Damage of Materials 
When materials go into an environment with ionizing radiation, the properties of that 
material can be altered. Ionizing radiation can come in the form of alpha and beta particles, 
neutrons, and gamma rays. Each type of radiation affects different classes of materials in different 
ways. This varies from ionization, radioactive activation, and radiolysis [37].  
Amorphous materials have a slight advantage over crystalline materials because they do 
not possess rigid structure. As crystalline solids have a defined long range order and specific 
bonding angles altering of these bonds can cause extensive property change. Since glassy materials 
do not have this periodicity, their bonds are already in a metastable state reducing the effect of 
radiation damage to a degree but still suffer as radiation damage further imparts disorder to their 
structure [38]. 
Ionizing radiation can inflict two types of damage to a material, primary and secondary. 
Primary radiation damage is the damage that occurs immediately when high-energy photons or 
particles interact with a material, typically within the first couple of picoseconds. Secondary 
radiation damage is everything that occurs after that point. When particles or photons interact with 
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a material, they impart energy to the atoms that throws the system out of equilibrium. To get back 
to an equilibrium state, it can take seconds to years after taken away from radiation source 
depending on the material, temperature among others [37]. However, amorphous materials are in 
a metastable state, which can further complicate characterization as bond angles and lengths are 
not set by a crystal structure and sample volume can change due a variety of phenomena, including 
radiation induced structural relaxation . 
Oxide glasses have long been used for optical waveguides as they are chemically and 
thermally robust and have transmit visible and near infrared light. This set of properties is quite 
desired in some applications, however, these glasses are not compatible with a nuclear reactor 
environment due to photo-induced darkening that occurs when radiation interacts with the glass as 
shown by Ezz-Eldin in Fig. 1-2 [39]. The radiation creates non-bridging oxygen, NBO, hole 
centers in the glass which partially absorb the light that is being transmitted. These hole centers 
build up and eventually completely darken the glass over a specific region of light typically the 
UV-Vis regions of the transmission spectrum [40]. As replacing sensors in a nuclear reactor is 
quite difficult, new technology is desired such that fiber bundles can stay inside the nuclear 
environment for years. While nuclear reactors are one application, many high temperature 
processes could benefit from the chemical sensing capabilities these fibers allow. Radiation effects 
in sulfide glasses remains largely unreported in literature [41,42], however, it is hypothesized that 
since sulfide based fibers barely transmit in the visible range, hole centers will not affect the 
transmission of infrared light as infrared transmission is based around the vibrational modes of a 
material. 
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1.4   Proposed Research 
1.4.1 Selected Glass Systems to be Studied  
Choosing a glass system to investigate was the first step in this project. The first task was 
choosing what chalcogenide anion to use. The options available were sulfur, selenium and 
tellurium. As the molecular weight of the anion increases, the vibrational mode associated with 
that species in the infrared goes to lower wavenumbers [26]. This opens up a larger transmission 
window for the material, however, it also typically lowers the glass transition temperature of 
analogous glasses due to weaker bonding. As a transition temperature in excess of 500 °C is 
desired, sulfur was the optimal choice. While this limits the transmission window significantly 
compared to the tellurides and selenides, it does strike a compromise between the highly 
transparent tellurides and selenides and the high glass transition and melting temperature oxide 
glasses [8,26].  
After an anionic species was decided upon, a glass forming species had to be chosen. Some 
of the most well-known sulfide glass formers are phosphorous, boron, silicon, germanium sulfides. 
Germanium sulfide was chosen as it has a relatively high glass transition temperature of its own 
and is one of the easier compounds to synthesize [24]. Glass formers like boron and phosphorous 
sulfides have low Tg, and it was hypothesized that the SiS2 could strip significant amounts of 
oxygen from the SiO2 ampoules. 
Another reason supporting the use of germanium sulfide as a glass former is previous work 
done by Risbud and Kumta [8]. They showed that some of the binary xLa2S3 + (1-x)GeS2 glasses 
have Tg in excess of 500 °C. This with the addition of another modifier barium sulfide, which has 
deep lattice vibrations, and was hypothesized to give significant increases to the glass transition 
temperature and have a wide working range as the glass structure is frustrated from multiple large 
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cationic species preventing rapid crystallization. Also La2S3 + Ga2S3 glass compositions have been 
shown to have high glass transition temperatures, in excess of 500 °C. While glasses in this system 
such as 30La2S3 + 70Ga2S3 have high Tg, they are difficult to pull into fiber due to their poor 
thermal stability [7]. This could be an effect of not having a strong glass forming species, rather 
relying on glass intermediates to form these glasses. 
The last reason BaS and La2S3 were initially chosen is to take advantage of the mixed 
tetrahedral network effect that is seen in oxide systems like the calcium aluminosilicates, as 
discussed above. It was hypothesized that the lanthanum and barium sulfide in the glass could 
interact with one another to form lanthanum tetrahedra similar to how aluminum goes into 
tetrahedral coordination in the presence of calcium. This would promote a polymerized structure 
and potentially give rise to higher Tgs. Later it was found that this did not occur, however, an 
overall increase in Tg occurred especially in La2S3 rich glasses.  
1.4.2 Gamma Irradiation 
Two gamma irradiation runs were conducted at Pacific Northwest National Laboratory, 
PNNL, using a 2e14 Bq cobalt-60 collimated gamma irradiator. Prepared glass disks were placed 
into a 13 mm inner diameter silica ampoule, evacuated to 100 mTorr, purged with argon, and 
sealed under vacuum. This was done to help prevent oxidation and potential over pressure due to 
material vaporization inside the ampoules. The sample ampoule was rotate in between each run to 
give an even dose to the samples. 
A custom-built coil heater was used to heat up the sample chamber to 300 °C during 
irradiation. A built in and external thermocouple were used to calibrate and monitor sample 
temperatures throughout the irradiation runs. The coil heater was ramped and cooled at 5 °C/min 
both before and after the irradiation experiments to help prevent samples from thermal shocking.  
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 During the irradiation experiments, the sample chamber was placed as close to the Co-60 
source as possible in order to maximize the dose rate. At this distance, the dose rate was measured 
to be 1,827 Gy/hour. With this dose rate, the samples first received a dose of 230 kGy and then an 
additional 197 kGy during the second experiment for a total cumulative dose of 407 kGy. 
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1.5   Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-1. Representation of a glassy silica network modified with Na2O. 
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Figure 1-2. Transmission curves for typical infrared transmitting glasses. 
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Figure 1-3. Effect of successive irradiation doses on the absorption spectra of soda lime silicate 
glass. 
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2.1  Abstract  
As demand for infrared optics increases so does the demand for improved properties of 
these materials. One application of these materials with such demands is chemical sensing at 
temperatures greater than 400 °C. This poses a challenge as many current infrared transmitting 
glasses are based on covalently bonded selenides and tellurides such as As2Se3 and GeTe2, which 
typically have Tgs, glass transition temperatures, on the order of 200 – 350 °C.  
This work focuses understanding the underlying structure and glass formability of a new 
family of ionically bonded sulfide glasses, xBaS + yLa2S3 + (1-x-y)GeS2, to help optimize 
properties by increasing Tg and opening the infrared transmission window. Sulfide glasses were 
produced by melting sulfide materials in an evacuated and sealed carbon coated silica ampoule at 
1,150 °C, held for 12 hours, and quenched to room temperature to form glass. Glass samples were 
then characterized by infrared and Raman spectroscopies as well as differential thermal analysis. 
It is found that by increasing the modifier concentration the predominantly Ge4 tetrahedral network 
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found in GeS2 glass is ultimately converted to Ge
0 units at high modifier content through the 
generation of non-bridging sulfurs. These molecular ionic units still form a glassy network 
suggesting strong ionic bonds between negatively charged tetrahedral units and the positively 
charged modifier cations potentially with the help of polysulfide chains. While the network is 
depolymerized in high modifier content glasses, they are single phase glassy materials and exhibit 
the largest Tg and ΔT values making them the optimal glasses for high Tg infrared optics. 
2.2  Introduction 
As the demand for energy rises globally, the energy sector is pressured to produce more 
energy while reducing emissions. While ideally all energy would come from renewable sources 
like solar, wind, and hydroelectric power there is still a large dependence on fossil fuels in the 
form of natural gas, coal, and oil [1]. One way to help bridge the gap between fossil fuel 
consumption and complete reliance on renewable energy is to expand the nuclear sector. 
Increasing nuclear energy production would decrease the need to burn fossil fuels and allow time 
for renewable technologies to be developed and implemented. One emerging reactor design being 
developed in the nuclear industry are the Advanced Small Modular Nuclear Reactors, AdvSMNRs 
[2]. These smaller reactors designed so that easily manufactured parts can be assembled in little 
time decreasing investment and construction costs. 
One issue that arises with new nuclear reactor designs is safety. As some new reactors are 
being designed with molten salt coolants which melt greater than or equal to 400 °C, new safety 
systems must be designed since these designs are significantly different that water cooled plants 
[2]. One potential way to add a valuable layer of safety to these new designs is with the addition 
of infrared chemical sensors inside the reactor vessel. Chemical sensors can be setup in a variety 
of ways, but one typically setup is where an infrared transmitting fiber guides light out of a process 
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and directs the that light to an infrared spectrometer [3]. From there, the collected spectra can be 
referenced to a baseline for the process, and the resultant spectrum can then be characterized to 
determine what additional chemical species are present. These sensors rely on infrared 
spectroscopy to analyze characteristic vibrations, in the infrared spectrum from 4,000-100 cm-1, of 
chemical species inside the reactor chamber. With this setup, chemical sensing in the infrared 
spectrum at elevated temperature would allow for the detection of trace chemical species inside of 
a reactor due to gas formation, structure corrosion, and unwanted chemical reactions among others 
that may otherwise go undetected. While the application of concern for these studies are new 
AdvSMNRs, these fibers could be used in a sensor systems for a variety of high temperature 
chemical processes in academic and industrial applications. 
One of the most well-known groups of infrared transmitting materials are the chalcogenide 
glasses [4]. Interest in this subset of glasses has been growing for decades as new technologies are 
developed that require infrared light transmission [5,6]. Infrared transparent chalcogenide glasses 
transmit light much further into the infrared spectrum compared to their oxide counterparts and 
thus have found applications as infrared waveguides [7]. In order to better engineer these materials, 
researchers have studied the structure property relationships in these materials. Determining the 
fundamental structures and relating those to property changes as a function of modifier content 
have been well documented in the literature for both oxide and chalcogenide glasses [8-12].  
Research on infrared optics has primarily centered on extending IR transmission windows 
by combining heavy elements to form glasses based on glass-forming components such as As2S3 
[13-15], As2Se3 [14,16], and GeTe2 [17,18]. These larger cation and anions vibrate deep in the far 
IR allowing for the transmission of infrared light down to far infrared wavelengths [5,7]. The 
extended infrared transparency, great glass forming ability, and ability to dissolve rare earth 
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elements allow these glasses to act as infrared waveguides, amplifiers, lasers, among other 
applications, in a variety of fields such as biomedical and space exploration [6,19].  
While selenide and telluride glasses transmit infrared light efficiently, they soften at 
relatively low temperature, < 400 °C, due to their weak covalent bonding. These covalent glasses 
bond through sharing electrons, and their valence electrons are weakly bound often leading to Tgs 
in the 250-350 °C range [13,14,16]. Conversely, ionic bonded chalcogenide glasses like the Ga2S3 
+ La2S3 [20,21] and La2S3 + GeS2 [20,22] systems tend to have glass transition temperatures in the 
greater than 500 °C range leading to a family of infrared optical materials that can operate at 
elevated temperature. Optimizing these compositions as well as investigating similarly bonded 
sulfides could help develop and innovate chemical sensor technology. 
While there have been many advancements in infrared optics, research on increasing the 
operating temperatures of these materials is largely unreported, but some ionic glasses based on 
the La2S3 + Ga2S3, and La2S3 + GeS2 system have been reported in literature [21,22]. Risbud and 
Kumta examined the thermal stability and microstructure in binary xLa2S3 + (1-x)GeS2 glass 
system where glasses can be formed between x = 0-50 mole% [22]. They studied the two eutectic 
compositions of 7.5La2S3 + 92.5GeS2 and 40La2S3 + 60GeS2, and found that these glasses had Tgs 
of 420 and 510 °C and thermal stability gaps of 140 and 280 °C respectively. At the time, these 
glasses were among the highest Tg sulfide glasses. While these glasses exhibit great operating 
temperatures and sufficient thermal stability, it was found that at low La2S3 content the glasses 
phase separated. In the 7.5La2S3 + 92.5GeS2 composition, 6-88 nm phase separated droplets were 
found using TEM. Unfortunately, chemical analysis was not carried out on the separate phases, 
although they explained that other sources found that GeS2 rich glasses tend to phase separate out 
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a germanium sulfide rich phase [23]. The 40La2S3 + 60GeS2 composition was found to be a 
homogenous single phase glass with great thermal stability that is more suitable for infrared optics. 
 Takebe et al., has shown that other compositions such as the La2S3 + Ga2S3 system also 
offer relatively high glass transition temperatures of 555 °C with a thermal stability gap of 125 °C 
[21]. They noted that doping these glasses with oxygen allowed for stronger glass formation as 
they resisted crystallization at higher temperature for longer times. They concluded that pulling 
fibers with both would be possible, but the oxide analogues would perform much more efficiently, 
without taking into account the amount of infrared transparency lost due to Ga-O and La-O bonds. 
In this research, the structure of new ionic bonded sulfide glasses modified with heavy 
cations was investigated. Our motivation to choose the xBaS + yLa2S3 + (1-x-y)GeS2 system was 
three-fold. First, while oxide glasses can operate at elevated temperature, NBO hole centers are 
often induced once exposed to nuclear radiation [24-26]. These hole centers limit the optical 
transmission of these materials as they absorb some of the incident light in the UV-Vis region. 
Secondly, an ionic glass system was chosen over traditional covalently bonded chalcogenide 
glasses such as As2S3 and As2Se3 as the ionic glasses have higher glass transition temperatures and 
thus can operate over 400 °C [13,14]. Lastly, BaS and La2S3 were added as modifiers to a base 
GeS2 glass to provide an ionic bonding scheme. The large barium and lanthanum cations also have 
a large ionic radius leading to slow interatomic vibrations, which lay deep in the far infrared. The 
ionic nature and heavy atoms of this system were hypothesized to give a relatively large infrared 
transmission window and high Tg for a sulfide-based glass. These glasses strike a compromise 
between highly transparent selenides and high Tg oxide glasses as they transmit infrared light down 
to 1,000 cm-1 and operate at temperatures greater than 400 °C  
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The base GeS2 glass has been well studied and reported upon. Germanium sulfide glass 
has a Tg of 450 °C [27] and is composed of repeating tetrahedral units where one germanium atom 
is surrounded by four sulfurs [28]. These units are predominately bonded at the corners to other 
GeS4/2 tetrahedra making up a fully connected three-dimensional structure. As modifiers such as 
CaS, Li2S and Na2S, the fully bridging tetrahedral structure starts to depolymerize with the 
formation of nonbridging sulfurs, NBS. The bonds between the tetrahedra are broken to charge 
compensate for the cation addition and the sulfur from the modifier is donated to the structure to 
allow complete tetrahedra to remain intact [9]. A list of typical structural units found in GeS2 
glasses can be found in Fig. 2-1.  
While typically the breaking of bonds leads to a decrease in Tg, the 40La2S3 + 60GeS2 
composition that Kumta reported on had a 60 °C larger Tg compared to GeS2 glass [22]. This 
suggest an overall strengthening of bonds occurs with La2S3 additions as it takes more energy to 
soften the material. To gather a better understanding of how to increase the glass transition 
temperature and infrared transmission window, we investigated the local bonding structures and 
thermal characteristics of these materials.  
2.3  Experimental Methods 
2.3.1 Sample Preparation 
The handling of the sulfide materials used in these studies was done inside high purity 
nitrogen and argon gloveboxes where the O2 and H2O levels are consistently below 5 ppm. As 
high purity germanium sulfide is expensive and not widely available it was produced in the lab. 
Sixty-gram stoichiometric batches of germanium and sulfur powders (germanium and sulfur from 
Arcos Organics 99.999 % pure) were loaded into a silica ampoule. Each ampoule consisted of a 
neck and bulb section each made of silica tubing with 30 cm length and wall thickness of 2 mm. 
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The neck section with an inner diameter 10 mm was fused to the bulb section with an inner 
diameter 34 mm to make up the full ampoule.  
The batched ampoule was connected to a vacuum system and evacuated to 60 mTorr for 
multiple hours before sealing the neck potion of the ampoule near the beginning of the bulb section 
to provide an inert melting environment. The prepared ampoule was then placed into a metal 
explosion chamber wrapped in nichrome wire to secure the chamber lid. The secured chamber was 
put into a tube furnace angled at 5 degrees above horizontal and connected to a motor to rotate the 
chamber at 10 rpms throughout the synthesis. The furnace was heated at 1 °C/min to 900 °C and 
held there for 8 hours. After melting, the furnace was allowed to cool to room temperature 
naturally. The sample was taken out of the ampoule and subsequently milled to a fine powder for 
use as a batch material. 
To synthesize binary and ternary glasses, 5 gram batches of lab synthesized GeS2, and for 
binary ternary samples BaS (Sigma Aldrich 99.9 % pure) and La2S3 (Strem Chemicals 99.9 % 
pure) were mixed together placed and placed into a carbon coated silica ampoule with 10 mm inner 
diameter and 2 mm wall thickness. The prepared ampoule was evacuated down to 60 mTorr then 
sealed. Sample batches were heated in a tube furnace at 1 °C/min to 1,150 °C and held at 
temperature for 12 hours. Samples were homogenized by rocking the furnace from vertical to 10-
15 degrees below horizontal for one hour. After mixing, the samples were left vertical for at least 
one hour. After the melting process, ampoules were quenched to room temperature. 
2.3.2 Raman Spectroscopy 
A Renishaw inVia spectrometer with a 488 nm argon excitation laser at 100% power was 
utilized to collect and average 10 ten-second acquisition spectra from 2,000-100 cm-1. Samples 
were sealed in an airtight plastic sample holder topped with a glass slide secured with vacuum 
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grease to help prevent oxygen contamination. The argon laser was focused on the glass samples 
through the sample holder. Sample spectra were taken with a 5x objective initially to get an average 
scan, which was extra important for phase separated glasses. Additionally phase separated glasses, 
spectra were collected using a 20x and 50x objective to decrease the spot size, which allowed 
spectra to be taken of each phase separately. The spot size could be changed from ~1-10 μm with 
a 50x objective and 5-20 μm with the 20x objective by changing laser power. 
2.3.3 Infrared Spectroscopy 
Infrared spectra were taken with a vacuum capable Bruker IFS 66v/S with a nitrogen fed 
purge box situated on top of the instrument’s sample chamber allowing for an inert testing 
environment. The spectra were collected through cesium iodide pellets where 200 mg cesium 
iodide and 7.5 mg of glass were milled together and pressed into a pellet. Sample pellets were held 
in the N2 purge box, and inserted into the spectrometer one at a time allowing for the evacuation 
of each sample separately. The spectra were collected by averaging 32 scans at 2 cm-1 resolution 
from 4,000 to 100 cm-1. While these glasses are infrared transmitting glasses, they have vibrational 
modes in the middle and far infrared regions that are associated with structural makeup of the 
material.  
2.3.4 Differential Thermal Analysis 
 A Perkin Elmer DTA 7 was used to calculate glass transition and crystallization 
temperatures of all compositions. The DTA was triple calibrated with zinc, aluminum and gold 
standards. Approximately 20 mg samples were sealed in 2.5 mm inner diameter silica tubes with 
a wall thickness of 0.75 mm. Silica tubes were utilized as the glasses partially vaporize at 
temperatures above Tg and the sulfur vapor can damage the instrument. A small amount of alumina 
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powder was added to the tube to promote thermal contact between the glass samples and silica 
tube for accurate temperature measurements.  
Each glass was cycled one time through its Tg and cooled down to about 250 °C below Tg 
before calculating Tg from subsequent scans to give each glass the same thermal history. On the 
last scan, the glasses were crystallized. This allowed for Tg and Tc values to be obtained in a 
consistent manner. Glass transition and crystallization temperatures were then calculated using the 
onset method. The onset method, as seen in Fig. 2-2, is when two tangent lines from the DTA plot 
cross. The first line is drawn on the flat portion of the curve before the glass transition, and the 
second tangent is drawn starting at the inflection point through the glass transition portion of the 
curve. The point at which these tangents cross was taken as the onset of the glass transition. The 
glass crystallization temperature was calculated in the same manner, but at the onset of 
crystallization.  
2.4  Results and Discussion 
2.4.1 Glass Forming Character 
As discussed above the xBaS + yLa2S3 + (1-x-y)GeS2 glass system was chosen for these 
studies because the base glass, GeS2, is  fairly chemically stable for a sulfide glass, is a relatively 
strong glass former, and studies have shown, see reviews above, that adding modifiers such as 
La2S3 can help increase its Tg. In addition to enhancing Tg, both BaS and La2S3 have lattice 
vibrations deep in the IR spectrum which should help increase the IR transmission window of 
ternary glasses. A ternary plot for all synthesized compositions can be seen in Fig. 2-3. All 
compositions in the three series that could be completely melted formed amorphous materials on 
quenching. Two binary eutectic glass compositions 0 + 7.5 + 92.5 and 0 + 40 + 60 reported by 
Kumta [22] were also prepared and formed glasses. 
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Compositions with modifier contents above 50 mole% could not be fully melted to the 
liquid state, and as a result only partial glass formation of the liquid phase that did form and powder 
sintering of the unmelted ceramic occurred. Each series formed glasses from the base glass until 
25 + 25 + 50 in the x = y series, 17.5 + 35 + 47.5 in the 2x = y series, and 40 + 20 + 40 in the x = 
2y series. Broad peaks in IR and Raman as well as glass transition and crystallization features 
found in DTA confirmed glassy nature of all samples. Beyond the compositions above, samples 
did not completely melt thus must have a greater than 1,150 °C melting temperature. The silica 
ampoule cannot withstand a higher temperature so compositions modifier contents above this 
cannot be melted using this technique.  
Compositions with low concentration of modifier exhibit two phase separation as seen in 
micrographs in Figs. 2-4, 2-5 and 2-6. Micrographs taken with 20x and 50x objectives show two 
distinct phases that change morphology in subsequent figures as the modifier concentration 
increases which is consistent regardless of modifier ratio. Displayed are a circular dispersed phase 
and a matrix phase. Compositions at which single phase and two phase glasses form can be found 
for all series in Table 2-1. 
Initially seen in the lowest modified compositions, the dispersed phase has large volume 
fractions and has a large size distribution where spheres range from submicron to 100+ μm varying 
slightly depending on series. As modifier concentration is increased, the size distribution of the 
dispersed phase tightens up and its structure becomes finer. This is shown well in Fig. 2-5 where 
the distribution tightens to < 1-5 μm varying slightly between series. Compositions heavy in 
modifier concentration, approximately 35 mole% > x + y > 50 mole%, appear to be single phase 
glasses on the micron scale.  
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To get a better understanding of when glasses transition to single phase materials, 
theoretical calculations were used. Equation (2-1) is the general form for the number of bridging 
sulfurs, BS, in a composition that can be used to bridge the glass network together. Conversely, 
equation (2-2) is the general form for the number of NBS that are formed from cation additions to 
the glass. Finally substituting in x and y values from the composition and integer values for the 
number of sulfurs and NBS created by each species in the glass and then taking the ratio between 
𝑁NBS and 𝑁𝐵𝑆 gives equation (2-3).  
N𝐵𝑆(x, y)  =  (x)NSBaS  + (y)NSLa2S3  +  (1 − x − y)NSGeS2                                                                           (2-1) 
N𝑁𝐵𝑆(x, y)  =  (x)NNBSBaS  +  (y)NNBSLa2S3                                                                                                                   (2-2) 
NBS
𝐵𝑆
 =  
2𝑥+6𝑦
2−𝑥+𝑦
                                                                                                                                                 (2-3) 
With equation (2-3), key compositions in a glass series can be calculated such as what point 
single phase glasses form. It was calculated that this point was somewhere between 0.6 ≤  
NBS
𝐵𝑆
 ≤
0.8 in the x = y series and somewhere between 0.67 ≤  
NBS
𝐵𝑆
 ≤ 0.82 for the 2x = y and x = 2y 
series. As significant jumps between compositions were made, it is difficult to pin point the exact 
position. These values may suggest that the Ge1 unit, 
𝑁𝐵𝑆
𝐵𝑆
= 0.75, promotes single phase glass 
formation, but is difficult to determine, and as discussed in the next section the majority of units 
at high modifier content are Ge0 units and a well-defined peak for Ge1 units was never seen. 
2.4.2 Raman Spectroscopy 
Raman spectra collected with a 5x objective were collected and are displayed in Figs. 2-7, 
2-8 and 2-9 for the x = y, x = 2y and 2x = y series respectively. All spectra are normalized such 
that the highest intensity band has the same intensity for each composition. Spectra were also taken 
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of low modifier content glasses with a 20x and 50x objective to probe each phase separately. 
Representative comparison spectra between matrix and droplet phases can be seen in Fig. 2-10. 
The spectra for pure glassy GeS2 glass is well established in the literature and these findings 
are in good agreement with those studies [8,28]. The most intense peak located at 342 cm-1 is 
associated with A1 symmetric stretching of the Ge
4 corner sharing tetrahedral units, or a tetrahedral 
unit that bridges to four other Ge tetrahedra by a four bridging sulfurs [8,27]. The vibrational mode 
centered at 372 cm-1 is assigned to the 𝐴𝑐
1 companion to the A1 mode, which is also associated with 
corner sharing Ge4 tetrahedra [8]. The last germanium tetrahedral vibrational mode centered at 435 
cm-1 is due to a minority of edge sharing tetrahedra where two germanium tetrahedra share two of 
the same sulfur atoms compared to only sharing one when connected at the corners [28].  
The average 5x objective scans of the lowest modified glass in each series as well as the 0 
+ 7.5 + 92.5 binary glass have spectra similar to the GeS2 glass, however at 260 cm
-1 a small peak 
associated with vibrations of S3Ge-GeS3 unit is detected [29]. This structural unit is due to a small 
deficiency of sulfur leading to a metal bond between Ge atoms. While each spectra look similar, 
there are slight variations in relative peak intensity. The peak centered at 372 cm-1 in the 5 + 10 + 
85 composition has a higher intensity that what is seen in the 10 + 5 + 85. This is likely a result of 
more Ge0 units in the matrix phase in the 5 + 10 + 85 composition as lanthanum sulfide forms 3 
times as many NBSs compared to barium sulfide. Another possible explanation is that it could be 
an artifact of phase sampling. Even with the use of the 5x objective moving location on the sample 
does give slightly different spectra as slight difference in sampled phases occurs. This makes 
assigning percentages of structural units to phase separated glasses impossible with these 
experiments. 
36 
 
At the highest modifier content, theoretical calculations using the equations above show 
that all Ge tetrahedra should be in the Ge0 configuration and the glass should have excess sulfur 
that cannot be associated with Ge0 tetrahedral units. These calculations are consistent with the 
maximum modifier content glass spectra. In these spectra, there has been a shift in the most intense 
vibrational mode from 342 to 372 cm-1. Since the A1 mode decreases with increasing modifier 
concentration so should the 𝐴𝑐
1 companion mode thus indicating a new structural feature had 
formed at 372 cm-1. It is well established that one mode at 372 cm-1 is typically due to the stretching 
of Ge0 unit [8,9]. Also in these spectra there is new peak centered at 475 cm-1. This has been 
associated with the free sulfurs in the structure forming sulfur chains with Ba+2 cations in the glass 
[30]. These polysulfide chains could explain the glass formation at the extreme ends of modifier 
content as the chains span through the liquid and prevent crystallization of the anionic species. The 
last peak centered at 212 cm-1 is associated with La-S bonds however it is difficult to assign a 
structural unit as the Raman cross section of La is small and addition features may be unseen. 
Similar lanthanum peaks have been shown in other works [29].  
As seen in other work [8,9] there are distinct shifts from Ge4 to Ge0 units in modified 
thiogermanates. In those works, the most intense peak in the Raman spectra gradually change from 
fully bridging tetrahedral structure to completely molecular anionic structure as expected from 
theoretical calculations, with a minority of other structures. As seen in the spectra for each of these 
series, glasses do not exhibit a majority of Ge3 Ge2 or Ge1 units, and rather it appears to be a 
proportional mix of the two end spectra. We hypothesize that because these glasses phase separates 
out a modifier rich phase the germanium tetrahedral units in the matrix phase are converted into 
Ge0 units, while the droplet phase consist predominantly of Ge4 units. This behavior can be explain 
as each one mole% addition of BaS and La2S3 adds eight additional moles of non-bridging sulfurs, 
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NBS, to the glass network where each barium cation adds two and each lanthanum cation adds 
three NBS. This gives rise to the rapid shift from fulling bridging Ge4 tetrahedral units to the 
molecular anionic Ge0 units in the matrix phase for phase separated glasses. At high modifier 
contents, the phases combine forming predominantly Ge0 units with a small fraction of Ge1 units 
that vibrate at around 400 cm-1. 
This hypothesis is supported as Raman spectra from each phase were collected with a 20x 
and 50x objective for phase separated samples and the comparison between the two phases in the 
5 + 5 + 90 composition are shown in Fig. 2-10. The droplet phase spectrum is consistent with the 
GeS2 spectra, while the matrix phase is more consistent with heavy modifier content. This behavior 
is consistent across all phase separated compositions. A new most intense peak emerges in the 
matrix phase that is centered at 372 cm-1. While this mode can be attributed to the 𝐴𝑐
1 
complimentary mode, the low intensity for the primary mode of this vibration does not explain 
this peak’s intensity. Thus, we again assign this vibrational mode with the symmetric stretching of 
the Ge0 tetrahedra.  
Typically, as a glass becomes more depolymerized the Tg decreases, however, as we will 
discuss in a following section, we see an increase in the glass transition temperature. This suggests 
that an ionic bonding scheme centered perhaps on the GeS4
4- molecular anion or barium 
polysulfide chains may be bridging the heavily modified glassy materials together.  
2.4.3 Infrared Spectroscopy 
Infrared spectra taken through CsI pellets for the xBaS + yLa2S3 + (1-x-y)GeS2 system are 
shown in Figs. 2-11, 2-12 and 2-13 for x = y, x = 2y and 2x = y series respectively. The broadness 
of the peaks suggests that all compositions are in the glassy state as glasses have a larger 
distribution of bond angles compared to crystals. For these measurements, acquisitions of different 
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phases is not possible as the spot size is too large to focus on just one phase at a time. As both 
phases are present in the CsI pellet, their absorbance are combined and are roughly proportional 
to the concentration of the phase in the pellet as their molar absorptivities are probably slightly 
different. 
The structure of GeS2 has been well documented in the literature and these finding are 
consistent [27]. The most intense peak for the base GeS2 glass is located at 376 cm
-1 followed by 
near equally intense shoulders at 335 and 430 cm-1. These peaks are associated with different 
vibrational modes associated with Ge-S vibrations in GeS4/2 tetrahedron. For the heavily modified 
ternary glasses, these peaks have more pronounced overlap such that it appears to be one 
continuous peak making differentiating peaks more difficult. At highest modifier contents this 
band shifts to 397cm-1 with the transformation to Ge0 units [8,31,32]. The next peak centered at 
240 cm-1 is associated vibrations of La-S bonds [29], and the intensity of this peak grows as the 
concentration of lanthanum sulfide increases as expected with increasing La2S3 content. Overall, 
the progression of germanium tetrahedra is very similar to the trend found in the Raman spectra 
seen in the previous section. The one major exception is that the La-S bonds are less pronounced 
in Raman spectra as lanthanum has a small Raman cross section.  
The last two peaks are attributed to vibrational modes associated with oxygen 
contamination in the glass and is typically observed to some extent. The peak centered at 825 cm-
1 is associated with Ge-O vibrational modes [8,33] while the peak centered at 675 cm-1 is assigned 
to La-O vibrations. It is worth noting that the only sample to contain the 825 cm-1 peak is the pure 
germanium sulfide glass. The other samples do not contain this peak but may instead exhibit the 
peak at 675 cm-1 associated with La-O vibrations. This suggests that lanthanum has a higher 
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affinity for oxygen than germanium does in this system. Lastly, no spectral features past ~125 cm-
1 can be resolved as the cesium iodide vibrates at that wavenumber eliminating transmission. 
It is interesting to note the behavior of this glass system is quite different from 
thiogermanates glasses doped with modifiers such as Li2S and Na2S. As with the Raman studies, 
the infrared spectra for glasses produced by Bischoff and Yao showed distinct structural units 
transitioning from Ge4 to Ge0 units with increasing modifier content [8,9]. However this is not 
seen and further supports our hypothesis of a two phase glass separating into a modifier rich, 
depolymerized phase and a mostly bridging GeS2 rich phase. 
2.4.4 Differential Thermal Analysis  
As discussed above Tg and Tc values were calculated from DTA curves via the onset 
method and the ΔT was calculated from the difference of the two. Values for Tg, Tc and ΔT values 
as a function of modifier content can be found in Figs. 2-14, 2-15, and 2-16 for ternary 
compositions in the x = y, x = 2y and 2x = y series respectively. For phase separated glasses that 
exhibited more than one Tg, the first Tg was reported. For all series, there is a reduction in Tg, Tc 
and ΔT for the first modified composition compared to the GeS2 base glass, and in the case of the 
2x = y series the first two compositions follow this trend. It was also observed that the Tg in most 
glasses increases with increasing modifier content, and the Tc stayed relatively constant with the 
exception of the barium rich series did not show a good trend in the glass crystallization 
temperature. The series with the highest Tgs and consistently high Tc values is the 2x = y series. 
Finally, the glasses with the best thermal stability gaps are glasses in the x = 2y series. Optimal 
glasses in each series are located in Table 2-2. The merits for optimal glasses include being single 
phase materials and exhibit a large Tg and ΔT. 
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In lowest modifier glasses, there is a significant reduction in Tc compared to the GeS2 base 
glass and the high modifier content glasses. This is likely due to the matrix phase crystallizing out 
of the glass. This is hypothesized as the predominantly GeS2 droplet phase should have a Tg and 
Tc value near that of the pure GeS2 glass. Also of importance, the lowest modifier content glasses 
have the largest droplets segregating the two phases further apart than normal. This could possibly 
explain why crystallization occurs sooner for these compositions.  
 In the high modifier content glasses, Tgs typically increase with increasing La2S3 content. 
This is consistent with what Risbud and Kumta found in binary xLa2S3 + (1-x)GeS2 glasses [22]. 
They reported a 90 °C increase between x = 7.5 mole% and x = 40 mole% glasses. As seen in the 
structural analysis portion of this chapter, the structure is depolymerized and thus typically leads 
to a reduction in Tg. This suggests that perhaps strong ionic bonding though the molecular ionic 
[GeS4]
-4 unit or barium polysulfide chains are increasing the Tg of these glasses. 
 The single phase glasses with the largest thermal stability gap are glasses in the x = 2y 
series. While these glasses exhibit lower Tgs, they possess the highest Tc values leading to the 
largest ΔT values. While glasses in the x = 2y series have the strongest glass formability in terms 
of ΔT, most compositions in all series have a minimum thermal stability gap of 100 °C, a typical 
minimum value to be considered for fiber pulling. The only compositions that do not exceed this 
minimum are 10 + 5 + 85, and 5 + 5 + 90 that would not be considered anyway as they are phase 
separated glasses. 
2.4.5 Fiber Preform Fabrication 
2.4.5.1 General Overview and GeS2 preform fabrication 
Another important characteristic of these glasses is glass processability. In order to 
fabricate fibers of these glasses, glass preforms must first be produced with dimensions of 1 cm 
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diameter and 10 cm length. This allows the preform to fit inside the fiber draw tower and allow 
ample glass to be processed into fiber. The first preforms that were attempted were GeS2 preforms. 
GeS2 is less reactive than the 20 + 20 + 60 composition and preforms could be made with less 
difficulty. 20-30 gram batches of GeS2 powder were loaded into silica ampoules and sealed under 
vacuum. The most effective technique to form these glasses was to melt at 900 °C for 5 hours then 
anneal at 445 °C for 30 minutes followed by a ramp back to room temperature at 0.5 °C/min. With 
this technique, an approximately 5 cm length rod was produced and sent to collaborators at 
Clemson University where initial GeS2 fiber was pulled. This technique was never perfected as 
the focus of this research was on ternary compositions. 
It was decided that the 20 + 20 + 60 composition was the optimal ternary composition to 
prepare preforms for the x = y series. This composition readily cooled to the glassy state and has 
a high glass transition temperature with sufficient thermal stability. To prepare ternary preforms, 
7-30g batches of stoichiometric amounts of BaS, La2S3, GeS2 were mixed together and placed into 
silica ampoules with a length of approximately 30-40 cm. Silica ampoules were coated and 
prepared in a variety of ways that will be further discussed below. 
2.4.5.2 Effect of Processing Parameters on Preform Fabrication 
The first method utilized to form preforms was to melt glass powders inside of a carbon-
coated ampoule as many sulfide glasses are produced this way [21]. Carbon was laid down on 
clean silica ampoules by rotating the ampoule with a lathe and pyrolytically cracking acetone with 
a torch. This laid down coatings that blocked all light. Samples powders were placed into the 
prepared ampoule and melted at 1,150 °C for 12 hours, air quenched for 30 seconds, placed into 
an annealing furnace at 555 °C for 45 minutes, and then cooled to room temperature at 1 °C/minute. 
This anneal temperature, TA, was chosen as it was slightly below the Tg of the composition. With 
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these processing parameters, the carbon coatings were typically completely stripped from the 
ampoules. Glasses were produced with this method but were severely fractured, and in some 
instances, the sample ampoules cracked apart or forcefully failed before annealing was complete.  
With multiple attempts failing with previous parameters, a variety of experiments was 
carried out lowering the dwell temperature and varying the holding time. The hypothesis was by 
lowering the dwell temperature, glasses might react less with the carbon coating/silica ampoule 
and help prevent fracture. This however was not the case as serious fracturing was still occurring 
as the carbon coating was stripped from the ampoule. There was never consistent improvement 
through any change in dwell temperature or time. 
As none of the previous experiments led to better results, the annealing temperature, hold 
time, and ramp down rate were varied in a number of different experiments. The annealing 
temperature is an important parameter as the annealing process helps relieve residual stress in the 
glass as it stiffens below the glass transition temperature. If stresses are not relieved properly before 
returning the ampoule to room temperature, then the sample is prone to fracturing [34]. Different 
anneal temperatures between TA = 545 and 565 °C were used in a series of experiments melting 
again at 1,150 °C for 12 hours, however, no significant difference was noted with these 
experiments either. Next, the ramp down rate was changed from 1 to 0.6 °C/min, and this made 
quite a difference, as glasses were significantly less fractured than before with 3-5 cracks compared 
to complete fracture. The optimal annealing parameters were found to be annealing at 555 °C for 
45 minutes then cooling to room temperature at 0.6 °C/min. These parameters were used in the 
following experiments. With these parameters, sample disks could be cut from small rods with 
batch sizes of 5-7g, but as more material was added to the batch the likelihood of crack formation 
increased. 
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2.4.5.3 Effect of Ampoule Coating on Preform Fabrication 
The next technique attempting to improve preform fabrication was using different coatings. 
The first attempt at utilizing different coatings was to produce our own carbon coatings. It was 
hypothesized that controlling the deposition to form a uniform and stronger coating would yield 
better results. To lay down our own carbon coatings, an old carbon coating system was refitted in 
our lab. The setup consisted a furnace and a nitrogen gas delivery system. The furnace was an 
electric tube furnace that was programmable and could reach 1,000 °C. The gas delivery system 
was made up of tubing, an acetone bubbler, and an oscillating gas delivery lance that extended into 
the furnace. The lance was hooked up to a motor allowing it to move between a shallow and deep 
position inside the ampoule. The tubing could carry nitrogen gas directly to the lance, or first 
through the acetone bubbler and then to the lance for carbon deposition. 
To lay down coatings, a cleaned ampoule was placed into the furnace and heated to 700 °C 
under dry airflow. After the furnace reached the dwell temperature, N2 gas flowed into the ampoule 
at 15 cm3/min for 60 minutes. After it was purged, the N2 gas was diverted to the acetone bubbler 
and the motor was started so that carbon could be deposited on the bottom 20 cm of the 30 cm 
length ampoule while the lance was oscillating. After coating, the flow was switched back to 
nitrogen and the ampoule was purged for 30 minutes before cooling down to room temperature at 
a rate of 1 °C/min. The ampoule was then evacuated to 60 mTorr and sealed so that they could be 
annealed. The sealed ampoules were annealed by heating at 3 °C/min to TA = 1,150 °C for 2 hours 
and then cooled at 1 °C/min to room temperature. The annealed ampoules were scored to reopened 
the tops. Multiple ampoules prepared this way were used to melt the 20 + 20 + 60 composition at 
1,150 °C for 12 hours followed by annealing at 555 °C for 45 minutes and then cooling to room 
temperature at 0.6 °C/min, however, they behaved similarly to previous carbon coated ampoules. 
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The next coating utilized was an aqueous based boron nitride coating that was purchased 
from Aremco. Boron nitride is a high temperature ceramic material that is difficult to wet even 
with molten glass. The coating was an aqueous slurry that had to be deposited onto silica ampoules 
before use. A solid coating was difficult to deposit, as it would easily slip down the sides of the 
ampoule. With persistence, a thin, but spotty coating was manually applied to an ampoule. A 5 
gram batch of the 20 + 20 + 60 composition powders were loaded into the ampoule and sealed 
then melted under normal conditions. The ampoule was quenched to room temperature and it was 
found that the coating persisted, but some portions turned brown. It was determined that if boron 
nitride was to be used again, a different coating, or a crucible would likely give better results as 
applying the coating was time consuming and did not adhere well to the silica. 
Next, commercial carbon coated tubes were purchased from Sandfire Scientific, where 
their proprietary “heavy coat” coating was utilized. Multiple coated silica ampoules were 
purchased and to date, using this technique has been the most successful. Ampoules were batched 
with 25g of powders and sealed as before. Ampoules were melted and annealed under the typical 
conditions. While some cracking persisted, the largest ternary rod removed from a silica ampoule 
using this method was approximately 2 cm long. With more testing this method could prove 
fruitful. 
The latest experiments with carbon-coated ampoules was remelting 20 + 20 + 60 glass in 
a Sandfire carbon coated ampoule for a short time reform the glass into a monolithic piece. As 
previous attempts with Sandfire coated tubes has some success, melting for less time was thought 
to a positive impact on the carbon coatings survivability. These samples were heated to 1,150 °C, 
held for 3 hours, and then annealed. While portions of the carbon coating remained intact, the 
samples contained cracks and no improvement over previous Sandfire ampoules was made. 
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The last coating used was an amorphous silicon coating from SilcoTek. This commercial 
coating is advertised as inert, H2S resistant with low adhesion. A 15 gram batch was loaded into 
the silicon coated ampoule and sealed under vacuum. The glass was again melted and annealed 
under normal conditions outlined above. These coatings, just like the initial carbon coatings, did 
not survive the melting process and resulted in a bare silica ampoule with fractured glass inside. 
2.4.5.4 Melting Glasses in Crucibles 
Another method to melt sulfide glasses is in an inert atmosphere glovebox furnace using a 
vitreous carbon crucible. The idea was that typically, molten sulfide glass does not wet vitreous 
carbon and thus a preform can be fabricated by pouring molten glass into a mold. Most other 
sulfide glasses melted in our lab are melted in this fashion and sources from literature report 
melting sulfide glasses this way [8]. The first attempt at this method was to see if the glass could 
be quickly melted with minimal mass loss. Premelted 20 + 20 + 60 glass pieces were loaded into 
a furnace at 1,150 °C and held for 2 minutes. Unfortunately, glasses vaporized quickly with large 
amounts of orange vapor escaping the furnace and the experiment was halted within seconds. It 
was obvious that this technique could not be used to form preforms. 
As these compositions cannot be melted in open crucibles, it was decided to seal a carbon 
crucible in a silica ampoule. Nine gram batches of the 20 + 20 + 60 composition were loaded into 
a 15 cm length crucible with a 1 cm inner diameter such that the crucible was 75% full. The 
prepared crucible was placed into a silica ampoule with inner diameter of 20 cm, evacuated to 60 
mTorr for multiple hours, and then sealed. Samples were melted at 1,150 °C for 24 hours. Samples 
were ice water quenched as quench rates were slower when using this method as crucible has little 
contact with the ampoule. Multiple samples were produced this way, however, the samples 
produced were not useful. The first sample turned to a densified powder that looked metallic, and 
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the second and third attempts with this technique led to samples that were not transparent with the 
final glass bonding strongly to the vitreous carbon crucible. Attempts made to chemically and 
mechanically separate the final sample from the crucible resulted in the crucible breaking. 
2.4.5.5 Future Work on Preform Fabrication 
Future work on this portion of the project would include more experiments using Sandfire 
carbon coated ampoules and new experiments quickly remelting already synthesized 20 + 20 + 60 
glass inside a vitreous carbon and boron nitride crucibles. In terms of coatings, the Sandfire 
coatings had the most success, and with additional experiments, this method could lead to full-
length preforms. Finally, while the boron nitride coating was difficult to apply to silica, melting in 
a crucible could also improve preform fabrication. 
2.5 Conclusions 
Glasses in the xBaS + yLa2S3 + (1-x-y)GeS2 system were synthesized and characterized by 
infrared and Raman spectroscopies and differential thermal analysis. Glasses with higher modifier 
content than those reported here could not be produced with these methods as these compositions 
had too high of a melting temperature to continue melting in silica ampoules. With the addition of 
the BaS and La2S3 modifiers, the initial structure, which is composed of predominantly Ge
4 units, 
was converted to a structure that is composed primarily of Ge0 units. As modifier is added to the 
base GeS2 glass, phase separation occurs where a GeS2 rich phase and a modifier rich phase form. 
This quickly depolymerizes the matrix phase as each barium adds two NBS and each lanthanum 
adds six NBS. Unfortunately, with phase separation and the overlap of the Ge4 𝐴𝑐
1 and Ge0 
vibrational bands in the Raman and infrared spectra assigning percentages of structural units was 
difficult. Lastly, the optical transmission of these glasses expand from 500 nm to 10 microns, with 
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the exception of a few impurity bands in between. With purifying methods such as passing H2S 
gas over batch materials these impurity bands would likely disappear leading to clean transmission.  
Lastly, multiple single phase compositions in the studied series can be considered for 
chemical sensing applications as they have thermal stability gaps in excess of 100 °C. It was found 
that increasing lanthanum sulfide content in glasses generally increased the glass transition 
temperature on the high modifier end of each series, with a reduction in ΔT, and single phase 
glasses rich in barium sulfide content had the largest Tc and ΔT values.  
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2.7 Tables 
 
Table 2-1. Compositional ranges for phase separation and homogenous glass formation for all 
series in the xBaS + yLa2S3 + (1-x-y)GeS2 glass system. 
______________________________________________________________________________ 
xBaS + yLa2S3 + (1-x-y) GeS2 Starting End 
   
Single Phase Glasses 
   
x = y 20 + 20 + 60 25 + 25 + 50 
x = 2y (BaS rich) 30 + 15 + 55 40 + 20 + 40 
2x = y (La2S3 rich) 12.5 + 25 + 62.5 17.5 + 35 + 47.5 
   
Two Phase Glasses 
   
x = y 5 + 5 + 90 15 + 15 + 70 
x = 2y (BaS rich) 10 + 5 + 85 25 + 12.5 + 62.5 
2x = y (La2S3 rich) 5 + 10 + 85 10 + 20 + 70 
______________________________________________________________________________
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Table 2-2. Summary of the optimal glass forming compositions for each series in the xBaS + 
yLa2S3 + (1-x-y)GeS2 glass system. 
 
______________________________________________________________________________ 
 
xBaS + yLa2S3 + (1-x-y) GeS2 
 
Tg (±5 °C) 
 
Tc (±5 °C) 
 
ΔT (±10 °C) 
    
x = y series 
    
20 + 20 + 60 554 668 114 
25 + 25 + 50 570 677 107 
    
x = 2y series (BaS rich) 
    
30 + 15 + 55 518 759 241 
35 + 17.5 + 47.5 525 772 247 
40 + 20 + 40 531 695 164 
    
2x = y series (La2S3 rich) 
    
12.5 + 25 + 62.5 589 742 153 
15 + 30 + 55 599 726 127 
17.5 + 35 + 47.5 607 735 128 
______________________________________________________________________________  
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2.8 Figures 
 
 
 
 
Figure 2-1. Fundamental Gen tetrahedral units in germanium sulfide glasses. 
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Figure 2-2. Example construction for calculating the onset of the glass transition and 
crystallization temperatures. 
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Figure 2-3. Ternary plot of all compositions produced in the xBaS + yLa2S3 + (1 – x – y)GeS2 
glass system. Black squares indicate single phase glasses, white squares indicate two phase 
separated glasses, and grey cirlces represent composition that are not meltable. 
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Figure 2-4. Micrographs showing large droplet and matrix phases in  5 + 5 + 90, 5 + 10 + 85 and 
10 + 5 + 85 compositions. 
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Figure 2-5. Micrographs showing large droplet and matrix phases in 15 + 15 + 70, 10 + 20 + 70, 
20 + 10 + 70 compositions. 
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Figure 2-6. Micrographs showing large droplet and matrix phases in 20 + 20 + 60, 17.5 + 35 + 
47.5, 40 + 20 + 40 compositions. 
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Figure 2-7. Compositional dependence of the Raman spectra of x = y glasses and two binary 
glasses in the xBaS + yLa2S3 + (1-x-y)GeS2 system. 
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Figure 2-8. Compositional dependence of the Raman spectra of x = 2y glasses in the xBaS + 
yLa2S3 + (1-x-y)GeS2 system. 
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Figure 2-9. Compositional dependence of the Raman spectra of 2x = y glasses in the xBaS + 
yLa2S3 + (1-x-y)GeS2 system. 
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Figure 2-10. Phase dependence of the infrared spectra of the 5BaS + 5 La2S3 + 90GeS2 
composition. 
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Figure 2-11. Compositional dependence of the infrared spectra of x = y glasses and two binary 
glasses in the xBaS + yLa2S3 + (1-x-y)GeS2 system. 
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Figure 2-12. Compositional dependence of the infrared spectra of x = 2y glasses in the xBaS + 
yLa2S3 + (1-x-y)GeS2 system. 
 
62 
 
100 200 300 400 500 600 700 800 900 1000
0 + 0 + 100
A
b
so
rb
an
ce
 (
a.
u
.)
Wavenumber (cm-1)
17.5 + 35 + 47.5
15 + 30 + 55
12.5 + 25 + 62.5
10 + 20 + 70
7.5 + 15 + 77.5
5 + 10 + 85
2xBaS =  yLa2S3 Series
 
 
Figure 2-13. Compositional dependence of the infrared spectra of 2x = y glasses in the xBaS + 
yLa2S3 + (1-x-y) GeS2 system. 
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Figure 2-14. Compositional dependence of Tg, Tc and ΔT in the x = y series of the xBaS + 
yLa2S3 + (1-x-y) GeS2 system. 
 
 
 
64 
 
0 5 10 15 20 25
0
100
200
300
400
500
600
700
800
xBaS = 2yLa2S3 Series
T
em
p
er
at
u
re
 (
C
)
Modifier Content (x value)
Tc
Tg
T
 
 
Figure 2-15. Compositional dependence of Tg, Tc and ΔT in the x = 2y series of the xBaS + 
yLa2S3 + (1-x-y) GeS2 system. 
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Figure 2-16. Compositional dependence of Tg, Tc and ΔT in the 2x = y series of the xBaS + 
yLa2S3 + (1-x-y) GeS2 system. 
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3.1 Abstract 
As demand for infrared optics increases so does the demand for improved properties of 
these materials. One application of infrared optical fibers with such demands is chemical sensing 
at elevated temperature, greater than 400 °C. This poses a challenge as many current infrared 
transmitting glasses are based on covalently bonded selenides and tellurides such as As2Se3 and 
GeTe2, which typically have Tgs, glass transition temperatures, on the order of 200 – 350 °C.  
This work focuses on understanding how gamma irradiation effects the optical properties 
of the optimal composition in the xBaS + yLa2S3 + (1-x-y)GeS2 system along with the base, GeS2, 
glass. Sulfide glasses were produced by melting sulfide materials in an evacuated and sealed 
carbon coated silica ampoule at 1,150 °C, held for 12 hours, and annealing them to form glass. 
Glass samples were sliced and polished such that the final thickness was about 2 mm. They were 
then characterized before and after irradiation by ultraviolet-visible and infrared spectroscopies as 
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well as had their densities and refractive indices measured. It was found that both germanium 
sulfide glass and the 20 + 20 + 60 composition have minimal property change with a received 
gamma dose of 407 kGy at 300 °C. Transmission spectra were virtually unchanged and the 
refractive index change was less than 0.1% in both compositions.  Sample density showed the 
largest characteristic change where the density initially lowered at 230 kGy dose and recovered 
between 25-50% of that back at the highest dose of 407 kGy resulting in an overall change of 1-
3% depending on sample and composition. 
3.2 Introduction 
Interest in infrared optical materials has grown considerably in the past few decades [1]. 
One of the prominent groups of infrared optical materials are the chalcogenide glasses. 
Chalcogenide glasses are a subset of amorphous materials that contain tellurium, selenium, and 
sulfur and exhibit superior infrared transmission when compared to their analogous oxide 
counterparts[2]. The infrared transparency of these materials have allowed for many advancements 
in fields such as biomedical and space exploration among others [2-4].  
One growing application of infrared optics is chemical sensing [5-7]. Chemical sensing can 
be utilized in a variety of fields to monitor academic, medical, and industrial experiments and 
processes. There are multiple chemical sensing designs, but one typical setup has an infrared optic 
fiber or fiber bundle placed into a process to guide infrared light from inside to an infrared 
spectrometer outside the process. The infrared light is then referenced to a background spectrum 
taken when conditions are ideal in the process. The difference between the two spectra can then 
be characterized via specific atomic vibrations to determine contaminant species and relative 
concentrations. These sensors have the ability to detect and characterize even trace amounts of 
unwanted reaction products and contaminants among other chemical species. This type of 
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characterization can be especially important for processes that require in-situ monitoring of 
contaminants and unwanted reaction products. 
One important characteristic of infrared transmitting materials is their transmission 
window. Typically as the infrared transmission window widens for a group of glasses, their glass 
transition temperatures go down [2]. Widening of the infrared transmission window allows access 
to more characteristic vibrations elements and allows for sensors that can detect more chemical 
species. While the decrease in Tg is typically not a problem when glasses operate at room 
temperature, many compositions such as As2S3 [8-10], As2Se3 [11,12], GexTe1-x [13,14], and 
GeSexTe1-x [15] cannot operate at temperatures above 350 °C limiting their uses at elevated 
temperatures. A quick look through literature will find few infrared transparent compositions that 
can withstand temperatures above 500 °C [16-18], as little research has been published on 
optimizing glasses for large infrared transmission windows and high Tg.  
The glass transition temperature is an important factor when designing the operating 
temperature of an amorphous material as it is the temperature at which the solid glass starts 
transitioning to a less viscous, super-cooled liquid, state [19]. The maximum operating temperature 
of a glass is typically 10-50 °C below the onset of the glass transition, but varies depending on 
composition and environment. The family of chalcogenide glasses that can have the highest 
operating temperature are the sulfide glasses [16,17]. As you go down the chalcogenide column of 
the periodic table, the bonding strength of the anion decreases as the radius of the atoms gets larger 
and their vibrations get slower, shifting them to lower wavenumbers [2,6]. This is the fundamental 
reason that telluride glasses are some of the most superior infrared light transmitters discovered to 
date. The tellurium atoms and atoms bonded to them vibrate deep into the far infrared generally 
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opening up their transmission window from approximately 1 to 25 μm depending on composition 
[2,6,20]. 
One emerging technology that desires new chemical sensing technology is advanced small 
modular nuclear reactors, AdvSMNRs. These new reactors are currently being designed to utilize 
molten salts as coolant. Compared to current reactors that use water, molten salt reactors operate 
at temperatures in excess of 350 °C, depending on design and salt composition, to improve 
thermodynamic efficiencies [21]. This requires the infrared fiber to have a Tg in excess of 400 °C. 
Not only does it require a high Tg, but it also requires the fiber to be resistant to property 
degradation under radiation flux. 
Many oxide fibers have been discovered that can operate at temperatures above 350 °C and 
transmit down to the near infrared region, from 700 to 5,000 nm [22,23]. The drawback to oxide 
fibers is that they typically do not transmit down to the mid and far-infrared regions and do not 
perform well under radiation flux. This limits the use of oxide glasses, as they cannot access many 
important vibrations in the mid and far infrared. In addition, oxide glasses tend to darken visibly 
due to electron hole defect pairs forming [24,25]. With a received dose in the hundreds to 
thousands of grey these defects can form in oxide glasses and begin to absorb light in the ultraviolet 
to visible ranges. These defects can alter the color of the glass, and typically results in a brown 
color under high irradiation doses [26]. As this is the main transmission window for traditional 
oxides, it reduces their effectiveness as chemical sensors in nuclear reactor environments. While 
these electronic defects dominate the transmission spectrum for most oxide glasses, they do not 
come into play for infrared transmitting materials as infrared light is transmitted through atomic 
vibrations. Furthermore, heavy cation oxide glasses have been discovered that transmit further into 
the infrared such as 60TeO2 – xBi2O3 – (0.3−x)B2O3 – 10ZnO glasses [27]. These compositions 
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have been shown to transmit down to 7 μm and have Tgs in the 350 °C range. Again, with these 
strong IR transmitting oxides they have relatively low Tgs, below 400 °C, for reported 
compositions thus exhibiting the strong tradeoff between Tg and infrared transparency.  
 In the previous work located in Chapter 2, we investigated the structural arrangements and 
glass forming properties of ternary glasses in the x = y, 2x = y and x = 2y series of the xBaS + 
yLa2S3 + (1-x-y)GeS2, glass system. This system was chosen as literature suggested that lanthanum 
sulfide additions to germanium sulfide increased the glass transition temperature of the base glass 
significantly [16], and BaS additions add another large cation that vibrates at low wavenumbers 
and frustrates the glass structure, which can inhibit crystallization. Our studies found that glasses 
at low modifier content resulted in a germanium sulfide rich phase separated out from the matrix, 
but at high modifier concentrations, the liquid homogenized allowing single phase glasses to form. 
Through the previous work, the 20BaS + 20La2S3 + 60GeS2 glass composition was chosen to focus 
on for gamma irradiation studies as they formed homogenous liquids that readily cooled to the 
glassy state.  
In these studies GeS2 and 20BaS + 20La2S3 + 60GeS2 glass disks were synthesized and 
subjected to two irradiation runs at 300 °C. The first run resulted in an absorbed dose of 230 kGy 
and the second run increased the total dosage to 407 kGy. Characteristics such as refractive index, 
and transmission window as well as density were characterized before and after irradiation to 
determine the effect radiation had on the properties of these materials. Glass samples resisted 
crystallization and cracking, and they retained key properties throughout the radiation experiments. 
These results help validate their potential use as infrared optical materials that can operate at 
elevated temperature under radiation flux. 
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3.3   Experimental Methods 
3.3.1 Sample Preparation 
The sulfide materials used in these studies were housed inside high purity nitrogen and 
argon gloveboxes where the H2O and O2 contaminant levels were consistently below five parts per 
million. As high purity germanium sulfide is expensive and not widely available it was produced 
in the lab. Sixty-gram stoichiometric batches of germanium and sulfur powders (germanium and 
sulfur from Arcos Organics 99.999% pure) were mixed together and loaded into a silica ampoule. 
Each ampoule consisted of a neck and bulb section each made of silica tubing with 30 cm length 
and wall thickness of 2 mm. To make the ampoule, the neck section that had an inner diameter of 
10 mm was fused to the bulb section of the ampoule that had an inner diameter of 34 mm. The 
batched ampoule was hooked up to a vacuum system and evacuated to 60 mTorr for multiple hours 
before sealing the neck potion of the ampoule near the beginning of the bulb section. The prepared 
ampoule provided an inert melting environment that could contain the sulfide vapors that formed 
during the melting process. The prepared ampoule was then placed into a metal explosion with a 
lid that was wrapped in nichrome wire to secure the two pieces together. The secured chamber was 
then put into a tube furnace angled at 5 degrees and hooked up to a motor to rotate the chamber at 
10 rotations per minute throughout the entire synthesis. The furnace was heated at 1 °C/min to 900 
°C and held at temperature for 8 hours. After melting, the furnace was allowed to cool naturally to 
room temperature with the chamber still inside. The sample was taken out of the cooled ampoule 
and subsequently milled to a fine powder for use as a batch material. 
To process glasses into disks, 7 gram batches of lab synthesized of GeS2, and for ternary 
samples BaS (Sigma Aldrich 99.9 % pure) and La2S3 (Strem Chemicals 99.9 % pure), were mixed 
together placed and placed into a carbon coated silica ampoule with 10 mm inner diameter and 2 
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mm wall thickness. The prepared ampoules were evacuated down to 60 mTorr for multiple hours 
then sealed. Sample batches were heated vertically in a tube furnace at 1 °C/min to 1,150 °C and 
held at temperature for 12 hours. Samples were mixed by rocking the furnace from vertical to 10-
15 degrees below horizontal for one hour. After mixing, the samples were left vertical for at least 
one hour to allow the molten glass to pool at the bottom of the ampoule. After the melting process, 
ampoules were partially quenched for 10-30 seconds and then placed into an annealing furnace 
10-15 °C below their glass transition temperature, Tg. Samples dwelled at the anneal temperature 
for 45 minutes then ramped down to room temperature at 0.6°C/min. The sample ampoules were 
then sliced and glass disks were polished to optical finish, with a final thickness of approximately 
2 mm. Eight samples were produced five of which were germanium sulfide glass disks and three 
20BaS + 20La2S3 + 60GeS2 glass disks. 
3.3.2 Characterization of Glass Disks 
Samples were characterized by ultraviolet-visible and infrared spectroscopies along with 
having their refractive index and density measured. Measurements were taken both before and 
after irradiation runs to examine the effect gamma irradiation had on sample properties. For each 
measurement technique, samples were placed into the sample holders one at a time and exposure 
to atmospheric air was minimized. 
3.3.2.1 Infrared Spectroscopy 
Infrared transmission spectra were collected using a vacuum capable Bruker IFS 66v/S that 
has a nitrogen fed purge box situated on top of the instruments sample chamber allowing for an 
inert testing environment. Samples were referenced to a blank vacuum background spectrum. To 
obtain finalized spectra, 32 scans from 2.5 to 14 μm with 2 cm-1 resolution were averaged together. 
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Sample disks were loaded into the sample holder, and spectra were collected through the bulk of 
the sample.  
3.3.3.2 Ultraviolet-Visible-Near Infrared Spectroscopy  
A Perkin Elmer UV-Vis-NIR Lambda 19 nitrogen gas purged spectrometer was used to 
obtain ultraviolet-visible-near infrared spectra for bulk disk glasses. Samples were referenced to a 
blank nitrogen gas background spectrum. Glass samples were placed into the spectrometer 
ensuring that the beam was centered completely inside the glass and then spectra were taken from 
3,200-220 nm at a scan rate of 480 nm/min at 1 nm resolution.  
3.3.3.3 Density Measurements 
Density measurements were taken with a Micromeritics Accupyc II 1340 gas pycnometer. 
The instrument was calibrated using an aluminum calibration standard to have accuracy of 0.001 
g/cm3. Samples were weighed with each new density measurement. Four measurements were 
taken for each sample and averaged. 
3.3.3.4 Refractive Index Measurements 
Refractive index was measured with a Metricon 2010 prism coupler at 633 nm. The prism 
was calibrated with a zinc sulfide calibration standard to have accuracy of 0.0001 refractive index. 
Four measurements were taken for each sample and averaged. 
3.3.3 Gamma Irradiation of Glass Disks 
Two gamma irradiation runs were conducted using a 2e14 Bq Co-60 collimated gamma 
irradiator at Pacific Northwest National Laboratory, PNNL. The eight prepared glass disks were 
placed into a 13 mm inner diameter silica ampoule, evacuated to 100 mTorr, purged with argon 
gas, and sealed under vacuum. This was done to help prevent oxidation of the samples and potential 
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ampoule over pressure due to material vaporization during the irradiation experiments. The sample 
ampoule was rotated at the midpoint of each run to give a uniform dose to the samples. 
A customized coil heater was used to heat the sample chamber to 300 °C during irradiation. 
One built-in and one external thermocouple were used to calibrate and monitor the temperature of 
the sample environment during the irradiation runs. The coil heater was heated and cooled at 5 
°C/min prior and after the irradiation experiments to prevent thermal shock. 
During irradiation, the sample chamber was placed as close as possible to the Co-60 source 
to maximize the dose rate. Fig. 3-1 shows a schematic of the Co-60 source shield with the coil 
heater mounted inside the collimator. At this distance, the dose rate was measured to be 1,827 
Gy/hour. With this setup and dose rate, the samples first received a dose of 230 kGy and then 
received an additional 197 kGy for a total received dose of 407 kGy. Samples labeled with a dose 
of 0 are unirradiated samples.  
3.4  Results and Discussion 
3.4.1 Radiation Dose Dependence of Infrared Transmission 
Fig. 3-2 shows the combined ultraviolet-visible-infrared spectra from 0 to 14 µm for both 
sets of glass samples. Sample spectra were normalized and then averaged to obtain finalized 
transmission spectra for each composition. Transmission spectra were collected both before and 
after receiving 407 kGy dose. The irradiated sample spectra are colored red and slightly shifted up 
for clarity. 
The germanium sulfide samples transmit infrared light from 0.5-10.7 µm with a region 
centered at 7.5 µm where transmission drops to near 0%. This absorbance is due to Ge-O 
vibrational modes. There are also peaks centered at about 3 and 4 µm that are due to –OH and –
SH vibrations respectively, and all impurity peaks have been reported by others [28]. The 20 + 20 
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+ 60 composition transmits over a similar region however, it has much lower absorbance at 7.5 
µm and the peaks at 3 and 4 µm are slightly shifted to higher wavelength and are broadened. This 
broadening is likely spectral broadening due to multiple cations present forming a variety of X-
OH bonds, where X= Ba, La, and Ge, slightly altering vibration wavelength. The long wavelength 
cutoff for these samples are at 10.7 µm for the GeS2 samples and 10.2 µm for the 20 + 20 + 60 
samples. This is due to a combination of the materials strong Ge-S and to a lesser extent Ge-O 
vibrations. In ternary samples, La-S vibrations also absorb heavily in this region. 
The ternary 20 + 20 + 60 glasses exhibit at least 50% of their maximum transmission from 
about 0.5-9 μm with a slight interruption from –OH bonds between 2.8-3.5 μm [28]. The 
germanium sulfide glasses exhibit more interruptions than the ternary glasses. GeS2 samples 
transmits from 0.6-7.2 μm with a brief interruption from 3.8-4.1 μm due to -OH vibrations and 
from 7.2-9.7 μm with an interruption from 7.2-8 μm due to Ge-O vibrations [28]. Lastly, that the 
most intense absorber transitions from Ge-O vibrations in the germanium sulfide glasses to –OH 
vibrations in the 20 + 20 + 60 compositions. 
As with many sulfide glasses, there exists some trace amount of water and oxygen 
contamination. With purification techniques such as sulfur distillation and sulfurization of batch 
materials by passing H2S gas over them, the purity of these glasses could be improved [29,30]. 
Many studies have shown that this purification eliminates a significant portion of contaminates, 
but some oxygen contamination may persist when melting in SiO2 ampoules that do not have a 
robust enough coating to prevent contact of the melt and silica. While these techniques were not 
available for this study, the improved purity would allow for better transmission across the infrared 
light spectrum and open up new opportunities in the chemical sensing field for these materials. If 
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all contaminants could be removed from the samples the transmission window would span from 
approximately 0.5 to 10.5 µm. 
Even with these contaminants in the glasses many different chemical species can be 
detected in the infrared spectrum, and by eliminating them even more species can be detected. 
Some of the important chemical species that can be detected with these materials are vibrations 
associated with methane, sulfur dioxide and ammonia from 1,300-1,700 cm-1 and carbon monoxide 
and carbon dioxide from 2,100-2,400 cm-1. Many of these chemical species could be especially 
important for combustion reactions, but can be found in many other processes as well [5].  
While the finger print region of the infrared spectrum, from 1,400-600 wavenumbers [31], 
will typically be blocked by the intense sulfur bonds in sulfides glasses, there is still a large region 
of the infrared spectrum that can be utilized for chemical sensing. Many important chemical 
species are found in the region 4,000-1,400 cm-1 such as carbon, nitrogen, and hydrogen species 
[32]. This is a tradeoff as many telluride and selenide compositions can detect chemicals in the 
molecular fingerprint region, but they cannot operate at elevated temperature [2]. Luckily, many 
chemical species have multiple characteristic vibrational modes that occur at different locations in 
the infrared spectrum. 
3.4.2 Radiation Dose Dependence of Density 
Figs. 3-3 and 3-4 shows the averaged density of five GeS2 and three 20BaS + 20La2S3 + 
60GeS2 glass disks as a function of gamma radiation dose respectively. Sample data was averaged 
together with standard deviations calculated and displayed as error bars for each dosage. The 
density was found to be 2.817 and 3.955 before irradiation, and 2.731 and 3.918 g/cm3 after 
irradiation for GeS2 and 20 + 20 + 60 glasses respectively. The addition of 20% each barium and 
lanthanum sulfides to the base glass increased density by approximately 40%. For both samples, 
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the density initially decreased by approximately 0.1 g/cm3 at the intermediate dose, and increased 
by about 0.03 g/cm3 at the final dose. The overall change in density was about 3.1% in the 
germanium sulfide samples and 0.9% in the 20 + 20 + 60 samples. 
At 230 kGy dose, both samples exhibited a decrease in density. This this behavior has been 
reported in oxide systems as a linear expansion in the materials at low doses [33-35], but is not 
largely reported in sulfide systems. Xia summarized that electronic defects created in materials 
can alter the electrostatic bonds in ionic materials, which can alter the coefficient of thermal 
expansion. With low doses of radiation, the coefficient of thermal expansion in these materials 
increases and thus leads to an expansion of the material that decreases density [36]. The 
dissimilarity between bonds in ionic alkali oxide and covalent sulfide glasses is likely why 
expansion is seen in oxide glasses and not as frequent in sulfides. As this work studies an ionic 
family of sulfides, it perhaps suggests that they would behave more similarly to oxides. 
Additionally, Domoryad also noted that the maximum increasing in linear dimensions depends on 
compositions, which can be quite different between compositions and chemistries [33].  
While expansion is reported for many glasses at low doses, in most cases a new mechanism 
eventually emerges that result in material densification at higher doses and is consistent with 
findings in this study. At the highest dosage, all samples showed an increase in density over the 
intermediate dose. The increase in density was larger in ternary samples where on average the 20 
+ 20 + 60 samples recovered about 50% of the initial density loss compared to 21% in the GeS2 
samples. While irradiation of GeS2 based glass systems is largely unreported in literature, there 
are several sulfide and many oxide glass systems reported. This increase of density seen in a variety 
of systems is widely attributed to radiation-induced densification [36,37]. The energy deposited 
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into the glass from the radiation sources allows for the restructuring of bonds inside the material 
[33].  
Our findings are quite different from the As2S3 system reported by Sundaram [37], though 
this is likely partially due to the difference in doses and/or bonding scheme. Their As2S3 samples 
did not see an initial decrease in density as shown in our studies, but this effect was likely bypassed 
if it occurs as their second density measurement was at 3 MGy compared to 230 kGy in this 
experiment. They then found that at 4 MGy the density decreased to a value below initial density. 
They contributed the reduction in density to the formation of microcracks formed from the 
coalescence of microvoids and were visible in optical micrographs. This type of damage severely 
limits the use of As2S3 glasses as infrared fibers as microcracks scatter light and compromise the 
mechanical stability of the material. Further irradiation of our materials would show if these ionic 
sulfide glasses can withstand irradiation damage that is seen in As2S3 glasses or if their ionic nature 
promotes radiation hardness. 
3.4.3 Radiation Dose Dependence of Refractive Index 
 Figs. 3-5 and 3-6 show the refractive index of germanium sulfide and 20BaS + 20La2S3 + 
60GeS2 glass disks as a function of gamma radiation dose respectively. Measurements from five 
germanium sulfide and three 20 + 20 + 60 disks were averaged together with standard deviations 
calculated and displayed as error bars at each dosage. With the addition of modifier to the base 
glass, the ternary composition had a larger refractive index by approximately 11%. The refractive 
index was found to be 2.1165 and 2.3784 before irradiation and 2.1189 and 2.3795 after irradiation 
respectively. For both samples, the refractive index increased by less than 0.003 and at the 
intermediate dose, and decreased by 0.001 or less at the final dose. The overall change in refractive 
index was about 0.1% in the germanium sulfide samples and 0.04% in the 20 + 20 + 60 samples. 
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While many studies report on the transmission, structural and density changes induced by 
radiation, there are few that explore radiation effect on refractive index. One recent study by 
Sundaram found that As2S3 glasses saw an increase of about between 0.001 and 0.0025 between 
unirradiated and 1 MGy irradiated samples [37]. This is near the values that we found, though our 
dosage was not as high. They also found that even up to 4 MGy dose most glasses only had a 
0.004-0.006 increase in refractive index. Overall, this is a quite small change with high dosage 
suggesting that sulfide glasses are relatively stable in this regard over a wide range of gamma 
irradiation doses.  
As for oxide systems, the refractive index change also seems to be relatively insignificant. 
El-Alaily found in lithium boroates doped with Al2O3, PbO, Fe2O3, TiO2 and V2O5 with a received 
dose of 80 kGy had a refractive index increase of approximately 0.004 in TiO2 doped samples and 
as low as 0.0006 in PbO doped samples [38]. While these doses are lower, refractive index 
increases reported are quite comparable to what was found in these studies. 
In our studies, the refractive index changes very little in both compositions. With the 
overall change resulting in a change less than 0.003, it is reasonable to assume that core and 
cladding glasses can be engineered such that they are still chemically similar, but have a significant 
enough refractive index difference to withstand the change in refractive index. This is especially 
the case if both glasses have similar refractive index change under radiation flux. This idea is 
strengthened by the fact that both the GeS2 and 20 + 20 + 60 compositions had very similar index 
change even though their chemistries are quite different. By changing modifier contents by ±2% 
each, the refractive index can be tuned and will likely change the refractive index significantly 
enough that radiation effects will not destroy internal reflection. 
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3.4.4 Ongoing Work 
This work is ongoing. One additional radiation run will be conducted and new results will 
be added to this paper before submission. The third irradiation has a target of an additional one 
MGy dosage, which will greatly increasing the dosage received by these samples. If samples 
continue to show little property change it would suggest that glasses in the system could be 
successful candidates for chemical sensing at elevated temperature under radiation flux.  
3.5  Conclusions 
Germanium sulfide and 20BaS + 20La2S3 + 60GeS2 glass disks were prepared and 
characterized before and after two gamma radiation dose at 300 °C. Both compositions performed 
well under these conditions and their properties were relatively unchanged. It is interesting to note 
that the germanium sulfide disks are closer to their Tg in this experiment than the 20 + 20 + 60 
composition, however, both seem to behave similarly with little property change throughout the 
radiation experiments. 
The transmission spectra for both compositions were virtually unchanged after an 
accumulated dose of 407 kGy, and with purification techniques performed on batch materials the 
glass samples could transmit from 0.5-10.5 μm. With the current transmission window, multiple 
species associated with carbon, nitrogen, and hydrogen vibrational modes can be detected.  
It was also found that the density of the ternary composition was about 40% more dense 
compared to the germanium sulfide glass. Both glasses exhibited a slight density reduction at the 
230 kGy dose, with a slight recovery at 407 kGy cumulative dose, where the ternary composition 
recovered about 56% of the initial loss. The initial decrease in density is likely due to an increased 
thermal expansion coefficient from altered electrostatic bonds, and after a sufficient dose is 
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accumulated the density increases due to radiation induced densification, which is widely accepted 
in literature. 
Refractive index change in these materials after receiving 407 kGy dose was minimal. The 
germanium sulfide glass samples had an increase of 0.1% where the ternary samples had 0.04% 
change. This small absolute change in index suggests that similar chemistry glasses could be 
engineered for the cladding and core glasses such that the refractive index change would not ruin 
the internal reflection of the fiber especially if both samples react similarly to the effects of gamma 
irradiation. 
Overall, the 20BaS + 20La2S3 + 60GeS2 composition poses as a suitable candidate for the 
chemical sensing field as it exhibits a strong working range, nuclear radiation resistance, and a 
relatively high glass transition temperature compared to other sulfide based glasses. If these 
samples can resist property change and resist the cracking as seen in As2S3 samples then they 
would pose as strong candidates for chemical sensing infrared fibers. 
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3.7  Figures 
Figure 3-1. Schematic of the irradiation chamber with coil heater. 
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Figure 3-2. Infrared spectra of germanium sulfide and 20BaS + 20La2S3 + 60GeS2 glass disks 
before and after gamma irradiation. 
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Figure 3-3. Irradiation dose dependence of the density of GeS2 glass disks. 
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Figure 3-4. Irradiation dose dependence of the density of 20BaS + 20La2S3 + 60GeS2 glass disks. 
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Figure 3-5. Irradiation dose dependence of the refractive index of GeS2 glass disks. 
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Figure 3-6. Irradiation dose dependence of the refractive index of 20BaS + 20La2S3 + 60GeS2 
glass disks. 
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CHAPTER 4. CONCLUSIONS 
4.1  General Conclusions 
 Compositions in the xBaS + yLa2S3 + (1-x-y)GeS2 glass system were synthesized and 
characterized via many analytical characterization methods. Three glass series were investigated 
in this system including x = y, 2x = y, and x = 2y. These three series were investigated to help 
obtain a better understanding of how modifier type and concentration effects the glass formability 
and structure of these materials. It was found that all compositions produced in this glass system 
form glasses until the modifier content raised the melting temperature of the material above the 
maximum usage temperature of the ampoules, 1,150 °C. It is uncertain whether compositions with 
higher modifier content would cool to form a glass or not. Melting these glasses are a challenge as 
containment of the melt and its vapor become increasingly difficult at elevated temperatures. If the 
sulfide vapor is not contained during melting then the batch materials sublimate quickly even 
below the melting temperatures used to form glasses inside ampoules. 
While all compositions were found to form glass, not all compositions form homogenous 
single phase amorphous materials. At low modifier content, typically below x + y = 35 mole%, 
glasses tend to form an amorphous material with two separate phases. The matrix phase consists 
of a modifier rich phase and the droplet phase is rich in germanium sulfide. The microstructure of 
the first modified composition in each series consisted of a large fraction of a germanium rich 
droplet phase separated from the matrix. The diameter of those droplets ranged from 1 to 200 μm. 
As concentration of modifier increased the size distribution of the droplet phase tightened to <1 to 
5 μm for moderately modifier compositions. For compositions with tight microstructures, it was 
not possible to focus on one phase even with a 50x objective. For homogenous glasses, Raman 
spectra were consistent between different locations on each glass even with varying laser spot size. 
95 
 
With two phases persisting though the lower modifier content glasses the short range order 
of the glass is difficult to examine. As our studies show, the droplet phase is consistent with 
unmodified Ge4 tetrahedra, and the matrix rich phase contains a majority of Ge0 units. In both the 
Raman and IR spectra there seem to be a direct conversion from Ge4 to Ge0 type structures as the 
matrix phase increases in volume fraction. 
In the gamma irradiation studies, it was found that both the base germanium sulfide and 
ternary 20 + 20 + 60 compositions both resisted property change with a total received dose of 407 
kGy. Glass disks were characterized initially, and after a received dose of 230 and 407 kGy with 
UV-Vis-IR spectroscopies and had their densities and refractive indicates measured. While the 
transmission spectra are riddled with contaminants, the spectra remain essentially unchanged after 
irradiation and these contaminants can be removed in a variety of ways not available in these 
studies. In addition, the density and refractive indices also remained relatively unchanged. The 
density of the glasses initially decreased after the first irradiation run and subsequently recovered 
partially after the second run with a final decrease of less than 3% in the germanium sulfide disks 
and 1% in the ternary disks. Lastly, the refractive index for both sets of glasses changed less than 
0.1% after irradiation where the initial RI for GeS2 glasses went from 2.1164 to 2.1190 and in the 
20 + 20 + 60 compositions the RI went from 2.3753 to 2.3758 with overall changed being 0.1% or 
less. 
The first of three main finding in this research is that the most significant way to increase 
Tg in this system is to increase the La2S3 content of the glass. This does not come at a detriment to 
fiberization though as the ΔT is still above 100 °C. The second finding is that the optimal glasses 
for this project in terms of Tg, and Tc are the high modifier glasses that are single phase. Further, 
the optimal glass for each series is the 20-20-60, 35-17.5-42.5, and the 30-15-55 compositions. 
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The last finding is that these materials are resistant to property degradation up to a 407 kGy dose. 
The refractive index and transmission window of these materials are minimal as previously shown 
and the density decreases by ~1% in ternary samples. 
4.2  Purposed Future Work 
 To further this work on high temperature infrared optics, the four most important factors 
are identifying new compositions that cooled readily to the glassy state, have no phase separation, 
and are easy to process; and reducing contamination levels via sulfur/sulfide distillation and batch 
material sulfurization by passing H2S gas over the starting materials. Many studies have shown 
that these purification techniques can be used to eliminate oxygen contaminants. These techniques 
would likely help lower contaminant levels, but new coatings or crucibles may be required to 
greatly reduce oxygen contamination levels as some oxygen is likely coming from the ampoule 
and melt being in contact. The main challenge for this project was forming glass fiber preforms as 
with current techniques the glass inside the ampoule typically does not pull away from the silica 
strongly leading to cracking. Trying different ampoule coatings and perhaps crucibles inside the 
ampoule could help with purity issues as well as promote preform fabrication. 
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